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ULTRA HIGH TEMPERATURE q A S U R I N G  TECHNIQUES 

P, J, F r e y h e i t ,  K ,  J, Nygaard, D. Norcross ,  

P, M, Stone  and H, R. Dur l ing  

S p e r r y  Rand Eesearch  Cen te r  
Sudbury, Massachuse t t s  

SUMMARY 

Development of  a real-time t echn ique  f o r  measuring gas 
t empera tu res  a b o v e  5000°K i n  a n  a i r  n i t r o g e n  p l a s  was i n v e s t i g a t e d  

u s i n g  an a i r  plasma i n  t h e  t empera tu re  range  from*'5,0UO°K t o  24,000°K a t  

l i g h t  de rzs i t i e s  i n  t h e  range from 10 times normal t o  loc6 times normalr 
The t empera tu re  measurement t echn iques  cons ide red  were Doppler  l i n e  b r o a d l  

en ing ,  l i n e  i n t e n s i t y  r a t i o s ,  l ine- to-cont inuum i n t e n s i t y  r a t i o s ,  and meas- 
urement o f  p a r t i c l e  d e n s i t y  w i t h  subsequent  c a l c u l a t i o n  of tempera ture ,  
Two methodst l i n e  i n t e n s i t y  r a t i o s  and Doppler  broadening ,  covered  t h e  

range  adequa te ly ,  
t h e s e  methods would use p h o t o m u l t i p l i e r  t u b e s  a s  de 

p o r a t e  an independent  means ( e , g , ,  S t a r k  broadening)  of  measuring ele- 
t r o n  d e n s i t y ,  

A r e a l - t i m e  t empera tu re  measuring system employing 
s and inco r -  

f n  i n v e s t i g a t i o n s  of  a hot  cesium seeded  hydrogen p l a s h a ,  

t h e  i n f l u e n c e  of cesium seed  f r a c t i o n  on t h e  cesium-hydrogen plasma bho- 

t o a b s o r p t i o n  c o e f f i c i e n t  was de termined  o v e r  t h e  p r e s s u r e  range  from 
0,l t o  100 atmospheres ,  
and cesium/hydrogen r a t i o s  of  t o  10- were emp ed, Selected 
l i n e  i n t e n s i t i e s  and shapes ,  and t h e  plasma a b s o r p t i o n  c o e f f i c i e n t  i n  

t h e  u l t r a v i o l e t  r e g i o n  (4,O - 25 eV) were determined.  
pho toabso rp t ion  c o e f f i c i e n t  i n  t h e  f a r  u l t r a v i o l e t  r e g i o n  was ca l cu -  

l a t e d .  Spec t roscop ic  t echn iques  f o r  measuring t h e  t empera tu re  of hot  
cesium seeded hydrogen were a l s o  ana lyzed ,  and a procedure  f o r  d e t e r -  
mining t empera tu re  u s i n g  t h e  S t a r k  broadened width ,  l i n e  c e n t e r  absorp-  

t i o n  c o e f f i c i e n t ,  and emiss ion  energy  of  s e l e c t e d  l i n e s  i s  p re sen ted ,  

Plasma t empera tu res  from 5,000°K t o  20,000°K 
1 

I n  a d d i t i o n ,  t h e  

1 



The o p e r a t i n g  c h a r a c t e r i s t i c s  of  a w a l l  s t a b i l i z e d  a r c  j e t  des igned  t o  

gelnerate t h e  plasmas employed i n  t h e  program are a l s o  d i s c u s s e d ,  

I e INTRODUCTION 

The pr imary purpose of t h i s  program was a n  i n v e s t i g a t i o n  

o f  methods of  de te rmining  t h e  k i n e t i c  tempera ture  of  a n  a i r  o r  n i t r o g e n  

plasma o v e r  a wide range  of tempera ture  and d e n s i t y ,  
phase of t h e  c o n t r a c t  (1 December 1965 -30 November 1966) v a r i o u s  methods 

of  tempera ture  measurement were e v a l u a t e d  i n  terms of  r a d i a t i o n  a v a i l a b l e  
from a n  a i r  plasma o v e r  t h e  tempera ture  range from 5,000°K t o  24,0OO0K a t  
l i g h t  d e n s i t i e s  ranging  from 10 times normal t o  times normal, The 
r e s u l t s  a r e  d e s c r i b e d  i n  t h e  f i r s t  phase f i n a l  r e p o r t ,  which has been 

a t t a c h e d  a s  Appendix A,  
a c t e r i s t i c s  of a cesium seeded hydrogen plasma was i n v e s t i g a t e d  theo-  

r e t i c a l l y  and e x p e r i m e n t a l l y  a s  p a r t  of  an  i n v e s t i g a t i o n  of t h e  proper-  
t i e s  of r a d i a t i o n  from v e r y  hot  (up  t o  50,000°K) s o u r c e s s  

During t h e  f i r s t  

I n  t h e  p r e s e n t  phase of t h e  program, t h e  char -  

The t e c h n i c a l  d i s c u s s i o n  o f  work performed d u r i n g  t h e  

p r e s e n t  phase i s  d i v i d e d  i n t o  t h r e e  p a r t s ,  
of t h e  enhancement of t h e  photoabsorp t ion  c o e f f i c i e n t  of a cesium-hydro- 

gen plasma a s  a f u n c t i o n  of cesium seed f r a c t i o n  i s  p r e s e n t e d  i n  Sec. 
11, S p e c t r o s c o p i c  t e c h n i q u e s  f o r  measuring t h e  t e m p e r a t u r e  of hot  
cesium seeded hydrogen a r e  d e s c r i b e d  i n  Sec,  111, Supplementary d a t a ,  
p r e s e n t e d  o r i g i n a l l y  i n  t h e  5 t h  Q u a r t e r l y  T e c h n i c a l  Repor t ,  i s  i n c l u d e d  

a s  Appendix B, F i n a l l y ,  Sec. I V  i s  devoted  t o  d e s c r i b i n g  t h e  w a l l  s t a -  

b i l i z e d  a r c  j e t  used t o  g e n e r a t e  t h e  plasmas i n v e s t i g a t e d  d u r i n g  t h e  

c o u r s e  of  t h e  program, 

A t h e o r e t i c a l  d i s c u s s i o n  

2 



11, CESIUM-HYDROGEN CONCENTRATIONS 
AND ABSORPTION COEFFICIENT 

A, CESIUM-HYDROGEN CONCENTRATIONS 

I n  t h e  f a r  u l t r a v i o l e t  s p e c t r a l  r e g i o n ,  t h e  photoabsorp t ion  

c o e f f i c i e n t  of a p u r e  hydrogen plasma ( a t  t e m p e r a t u r e h i g h  enough t h a t  
molecular  a b s o r p t i o n  i s  n e g l i g i b l e )  i s  determined a lmost  t o t a l l y  by pho- 
t o i o n i z a t i o n  of t h e  ground s t a t e  of t h e  hydrogen atom (Ref, 1). The 
c o e f f i c i e n t s  f o r  p h o t o i o n i z a t i o n  of  e x c i t e d  s t a t e s  and f o r  free-free 
a b s o r p t i o n  a r e  lower by o v e r  two o r d e r s  of magnitude, 

f ree  a b s o r p t i o n  c o e f f i c i e n t  i s  approximate ly  p r o p o r t i o n a l  t o  ( h ~ ) - ~  a t  
e n e r g i e s  above t h e  i o n i z a t i o n  t h r e s h o l d  of  13.6 eV, t h e r e  i s  a r a p i d  
f a l l o f f  i n  t h e  a b s o r p t i o n  c o e f f i c i e n t  f o r  photons w i t h  e n e r g i e s  more 

t h a n  a few v o l t s  above t h i s  t h r e s h o l d ,  

S i n c e  t h e  bound- 

F o r  a h igh  t e m p e r a t u r e  r a d i a t i n g  source ,  a l a r g e  f r a c t i o n  
of  t h e  t o t a l  e m i t t e d  energy  i s  i n  t h e  f a r - u l t r a v i o l e t  s p e c t r a l  reg ion ,  

For  a blackbody w i t h  a r a d i a n t  tempera ture  of 50,000°K, the emiss ion  
spectrum has a maximum a t  about  12 eV (lOOOo 1). 
t h e  t o t a l  e m i t t e d  energy  i s  c o n c e n t r a t e d  i n  the r e g i o n  from 4 t o  25 eV 
(500 1 t o  3000 1) (Ref, 21, T h i s  energy  r e g i o n  a l s o  encompasses a lmost  
a l l  o f  t h e  i n t e r e s t i n g  photoabsorp t ion  r e g i o n s  of t h e  Cs-H plasma, 

About 80 p e r c e n t  of  

The p u r e  h y d r o g h  plasma i s  t h u s  no t  well s u i t e d  f o r  u s e  

as  an  a b s o r b i n g  medium f o r  r a d i a t i o n  from a h igh  t e m p e r a t u r e  source ,  

Seeding t h e  hydrogen plasma w i t h  a n  a l k a l i  meta l  such a s  cesium mayt 
however, p r o v i d e  s i g n i f i c a n t  enhancement of the p h d t q b s o r p t i o n  coef -  
f i c i e n t  i n  t h i s  reg ion ,  Since cesium i s  e a s i l y  i o n i z e d  ( E  =3.89 eV), 
a seeding  of cesium w i l l  r e s u l t  i n  an e l e c t r o n  d e n s i t y  i n c r e a s e  a t  low 

t e m p e r a t u r e s  (2000°K t o  10,OOO°K) f a r  i n  excess of t h e  seed  f r a c t i o n ,  
An i n c r e a s e  i n  t h e  free-free a b s o r p t i o n  c o e f f i c i e n t  can  t h e n  be 
expec ted ,  I n  a d d i t i o n ,  a t  any t e m p e r a t u r e ,  p h o t o i o n i z a t i o n  of neu- 
t r a l  cesium w i l l  enhance t h e  a b s o r p t i o n  c o e f f i c i e n t  a t  low photon 

energ ies .  

i 

The c o e f f i c i e n t s  f o r  a b s o r p t i o n  of continuum r a d i a t i o n  by 

3 



hydrogen a r e  a l r e a d y  well known (Ref, 1). 
t i o n a l  c o n t r i b u t i o n  t o  t h e  a b s o r p t i o n  c o e f f i c i e n t  of  t h e  cesium seed  

n e c e s s i t a t e s  t h e  d e t e r m i n a t i o n  o f  t h e  d e n s i t i e s  o f  t h e  abso rb ing  s p e c i e s  

and t h e  a b s o r p t i o n  " o s c i l l a t o r  s t r e n g t h s "  f o r  the t r a n s i t i o n s ,  

The d e t e r m i n a t i o n  o f  t h e  addi-  

The r anges  of  c o n d i t i o n s  wh ich  were cons ide red  a r e :  t o t a l  
2 gas  p r e s s u r e  from 10-1 t o  10 atmospheres ,  e q u i l i b r i u m  plasma t empera tu re  

from 5,000°K t o  20,000°K, and a r a t i o  of  cesium t o  monatomic hydrogen 

from t o  The lower l i m i t  f o r  p r e s s u r e  was chosen a r b i t r a r i l y ,  
b u t  f o r  p r e s s u r e s  above 10 atmospheres  t h e  lower ing  of  t h e  i o n i z a t i o n  

p o t e n t i a l ,  d i s c u s s e d  belowp becomes so l a r g e  a s  t o  b r i n g  i n t o  q u e s t i o n  
t h e  v a l i d i t y  o f  t h e  e q u a t i o n  f o r  t h e  p a r t i t i o n  f u n c t i o n  of cesium, 

2 

It  was found (Ref.  3) t h a t  hydrogen molecules  c o n s t i t u t e  

less t h a n  20% of  t h e  hydrogen p a r t i a l  p r e s s u r e  a t  t empera tu res  above 
5000°K i n  t h e  p r e s s u r e  range  of i n t e r e s t ,  

t o a b s o r p t i o n  by t h e  l i n e  spectrum of  
s t u d y  t o  h i g h e r  t empera tu res .  
and h i g h l y  excited Cs 

amounts. S i n c e  l i t t l e  i s  known about  t h e  a tomic  c h a r a c t e r i s t i c s  of 

t h e s e  s p e c i e s ,  i t  was dec ided  t o  u s e  t h i s  a s  t h e  upper  l i m i t i n g  tem- 
pe ra  t ure 

Hence, e r r o r  due t o  t h e  pho- 
i s  minimized by c o n f i n i n g  t h e  H2 

fs-t Above 20,000°K b o t h  ground s t a t e  Cs 
i o n s  begin  t o  become p r e s e n t  i n  s i g n i f i c a n t  + 

A plasma i n  thermodynamic e q u i l i b r i u m  has i t s  c o n s t i t u -  
e n t s  r e l a t e d  by t h e  Saha e q u a t i o n ,  The i n d i v i d u a l  p a r t i t i o n  f u n c t i o n s  
which a r e  needed can be  e v a l u a t e d  when t h e  s t a t i s t i c a l  we igh t s  and t h e  

e x c i t a t i o n  e n e r g i e s  f o r  t h e  l e v e l s  of  each  s p e c i e s  i n  t h e  plasma a r e  

known, 
i s  a lower ing  of  t h e  i o n i z a t i o n  p o t e n t i a l  of t h e  i n d i v i d u a l  s p e c i e s  
due t o  t h e  Debye s h i e l d i n g  e f f e c t .  

c a n t ,  and a s  a p r a c t i c a l  m a t t e r  it causes the i n f i n i t e  sums which 

appea r  i n  t h e  p a r t i t i o n  f u n c t i o n  t o  become t r u n c a t e d ,  which f a c i l i -  

t a t e s  t h e i r  e v a l u a t i o n .  
w i t h  t h e  e q u a t i o n s  d e s c r i b i n g  t h e  c h a r g e  n e u t r a l i t y  of  t h e  plasma and 
t h e  mass c o n s e r v a t i o n  equa t ions ,  

4 

Because t h e  e l e c t r o n - i o n  p a i r s  a r e  immersed i n  a plasma, there 

T h i s  e f f e c t  can  be  q u i t e  s i g n i f i -  

The Saha e q u a t i o n s  were s o l v e d  s imul t aneous ly  

When t h e  e l e c t r o n  d e n s i t y  and t h e  



cesium seed f r a c t i o n  (Cs /H)  a r e  s p e c i f i e d ,  t h e  e q u a t i o n s  can be i t e r a t i v e l y  

solved,  I n  most c a s e s ,  one i t e r a t i o n  i s  s u f f i c i e n t  f o r  a h i g h  degree  o f  
accuracy.  T y p i c a l  r e s u l t s  a r e  shown i n  F i g s .  1-4, A more d e t a i l e d  d i s -  
c u s s i o n  concern ing  these r e s u l t s  i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e  (Ref, 4 )  

and i n  Appendix B, 

The d e g r e e  of i o n i z a t i o n  of hydrogen i s  p l o t t e d  i n  F ig .  5 f o r  

t h e  f u l l  range of e l e c t r o n  d e n s i t y  which i s  p r e s e n t  i n  t h e  cesium-seeded 

hydrogen plasma f o r  t h e  ranges  of tempera ture ,  p r e s s u r e  and cesium seed  

b e i n g  cons idered ,  The degree  of  i o n i z a t i o n  of hydrogen i s  e s s e n t i a l l y  

independent  of t h e  s e e d i n g  (Ref, 41, 

B. CESIUM-HYDROGEN ABSORPTION COEFFICIENT 

.l. I n t r o d u c t i o n  

There a r e  three s i g n i f i c a n t  mechanisms which c o n t r i b u t e  t o  

t h e  a b s o r p t i o n  of energy  i n  a h igh  t e m p e r a t u r e  gas .  When t h e  i n c i d e n t  

photon energy  c o i n c i d e s  w i t h  t h e  energy  d i f f e r e n c e  between a n  occupied 

bound s t a t e  and one of t h e  h i g h e r  unoccupied s t a t e s  i n  t h e  same a tomic  

system, there i s  a d e f i n i t e  p r o b a b i l i t y  t h a t  t h e  photon w i l l  be  absorbed 
and t h e  system r a i s e d  t o  a h i g h e r  energy  atomic s t a t e .  Such bound-bound 
t r a n s i t i o n s  w i l l  i n t r o d u c e  a discrete  c o n t r i b u t i o n  t o  t h e  a b s o r p t i o n  

c o e f f i c i e n t ,  
I f  t h e  i n c i d e n t  photon energy  i s  l a r g e r  t h a n  t h e  d i f f e r e n c e  

between t h e  i o n i z a t i o n  energy  and t h e  o r i g i n a l  energy  of  the bound a tomic  
system, i o n i z a t i o n  i n t o  t h e  continuum i s  p o s s i b l e .  Such bound-free t r a n -  

s i t i o n s  i n t r o d u c e  a cont inuous  c o n t r i b u t i o n  t o  t h e  a b s o r p t i o n  c o e f f i c i e n t  
and a r e  c h a r a c t e r i z e d  by a d e f i n i t e  t h r e s h o l d  energy  f o r  t h e  i n c i d e n t  
photons,  dependent on t h e  o r i g i n a l  bound s t a t e  i n v o l v e d  i n  t h e  i n t e r a c -  
t i o n ,  

Due t o  t h e  h igh  t e m p e r a t u r e  of t h e  medium under  i n v e s t i g a -  
t i o n ,  i t  w i l l  be  p a r t i a l l y  i o n i z e d  but  w i l l  m a i n t a i n  c h a r g e  n e u t r a l i t y .  

A free e l e c t r o n  a b s o r b i n g  a photon o f  i n c i d e n t  r a d i a t i o n  i n  t h e  presence  
of  a n  i o n i c  p o t e n t i a l  has a d e f i n i t e  p r o b a b i l i t y  of occur rence ,  Such 

5 
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E l e c t r o n  d e n s i t y  i n  a cesium-hydrogen plasma a t  5000 K a s  
a f u n c t i o n  of cesium seeding .  
(atoms p l u s  i o n s )  t o  hydrogen p a r t i c l e s  (atoms p l u s  i o n s )  
i s  p l o t t e d  vs  t h e  t o t a l  p r e s s u r e  of  monatomic s p e c i e s  and 
e l e c t r o n s .  
i s  i n d i c a t e d  by t h e  arrows.  

0 
FIG. 1 

The r a t i o  of Cs p a r t i c l e s  

The e l e c t r o n  d e n s i t y  i n  a pu re  hydrogen plasma 
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FIG. 2 The r a t i o  of C s  atoms and of Cs i o n s  t o  hydrogen p a r t i c l e s  

(atoms and i o n s )  vs  t o t a l  p r e s s u r e  a t  5000°K f o r  seed f r a c -  
t i o i i s  f ( C s t / H t )  of 10-1, and 
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FIG. 4 R a t i o  of  C s  atoms aad  of  Cs 
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Nomenclature i s  t h e  same a s  F ig .  2. 
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-- free-free t r a n s i t i o n s  a r e  a g a i n  c h a r a c t e r i z e d  by a cont inuous  c o n t r i b u t i o n  

t o  t h e  a b s o r p t i o n  c o e f f i c i e n t ,  

The a b s o r p t i o n  c a l c u l a t i o n  performed i n c l u d e s  bound-bound 
( l i n e  a b s o r p t i o n ) ,  bound-free ( p h o t o i o n i z a t i o n )  and free-free t r a n s i t i o n s  

( i n v e r s e  Bremss t rah lung)  
-1 The a b s o r p t i o n  c o e f f i c i e n t ,  cm I can  be w r i t t e n  

k ( v , T )  = 1 k N B  417 i i j  S i j  (VI 

+ Neaee(v1T) 

where t h e  three terms r e p r e s e n t  bound-bound, bound-free and free-free 
a b s o r p t i o n ,  r e s p e c t i v e l y ,  Bij i s  the E i n s t e i n  a b s o r p t i o n  c o e f f i c i e n t  

(cm /erg-sec) ,  Sij 

i t o  level j . Ni i s  t h e  p o p u l a t i o n  d e n s i t y  of l e v e l  i ( ~ m - ~ ) ,  Ne 

i s  t h e  e l e c t r o n  d e n s i t y ,  and t h e  a 's  a r e  c r o s s  s e c t i o n s  (cm 1, The 
summations a r e  o v e r  a l l  bound l e v e l s ,  

i s  t h e  l i n e  shape (sec) f o r  t r a n s i t i o n s  from l e v e l  2 

2 

+ +I- and Cs The s p e c i e s  H, Cs have a b s o r p t i o n  l i n e s  f o r  pho- 

The o n l y  hydrogen a b s o r p t i o n  l i n e s  t o n s  i n  t h e  r e g i o n  be ing  c o n s i d e r e d ,  
wh ich  need be c o n s i d e r e d  a r e  t h e  Lyman series, 
s t r e n g t h s  needed t o  compute t h e  

The a b s o r p t i o n  o s c i l l a t o r  

Bij  

excited Cs or Cs i o n s  f o r  t h e  c o n d i t i o n s  of  i n t e r e s t .  Hence, l i n e  

a b s o r p t i o n  by any  b u t  t h e  ground s t a t e s  of these two i o n s  can  be neglec ted .  
Approximate o s c i l l a t o r  s t r e n g t h  v a l u e s  f o r  Cs 

from Coulomb approximation t e c h n i q u e s  (Ref, 61, R e l i a b l e  c a l c u l a t i o n s  of 

o s c i l l a t o r  s t r e n g t h s  o r  l i n e  shapes cannot  be made f o r  C s  

energy  l e v e l  s t r u c t u r e  i s  n o t  well enough known. Hence, l i n e  a b s o r p t i o n  

f o r  hydrogen a r e  well known (Ref. 5). 

The c o n s t i t u e n t  c a l c u l a t i o n s  r e v e a l  t h a t  t h e r e  a r e  few o r  no 
4- $3- 

+ were o b t a i n e d  f o r  t h i s  work 

+I- because t h e  

was neglec ted .  9 



Exact  t h e o r e t i c a l  e x p r e s s i o n s  a r e  a v a i l a b l e  f o r  t h e  bound- 

free a b s o r p t i o n  c r o s s  s e c t i o n  of hydrogen (Ref, 7 ) .  E x c i t e d  s t a t e s  W i l l  

c o n t r i b u t e  n e g l i g i b l y ,  e x c e p t  a t  h igh  t e m p e r a t u r e s  where t h e y  a r e  s i g n i -  
f i c a n t l y  popula ted ,  T h e i r  t h r e s h o l d s  f o r  p h o t o i o n i z a t i o n  a r e  a t  or below 

3.2 eV, 

T h e o r e t i c a l  v a l u e s  f o r  t h e  p h o t o i o n i z a t i o n  c r o s s  s e c t i o n s  

of Cs a r e  a v a i l a b l e  from p r e v i o u s  work (Ref, 81, 

f i r s t  two e x c i t e d  s t a t e s  a r e  expec ted  t o  c o n t r i b u t e  s i g n i f i c a n t l y ,  
Thresholds  a r e  a t  3,89 eV, 2-46 eV and 2,09 eV. P h o t o i o n i z a t i o n  of Cs 
can  be n e g l e c t e d ,  s i n c e  t h e  t h r e s h o l d  f o r  t h e  ground s t a t e  i s  above 

25 eV, and t h e  p o p u l a t i o n  of t h e  f i r s t  excited s t a t e  ( t h r e s h o l d  11,6 eV> 
i s  ex t remely  low under  these c o n d i t i o n s ,  

Only t h e  ground and 

+ 

The c o n t r i b u t i o n  t o  t h e  a b s o r p t i o n  c o e f f i c i e n t  from free- 
+ +  

f r e e  t r a n s i t i o n s  i n  t h e  f i e lds  of  t h e  t h r e e  i o n i c  s p e c i e s  H , Cs and 

Cs* can be computed from a v a i l a b l e  formulae  (modi f ied  hydrogenic formu- 
l a e )  (Ref, 91, 

C a l c u l a t i o n s  of t h e  a b s o r p t i o n  c o e f f i c i e n t  f o r  t h e  c a s e s  

shown i n  T a b l e  I were performed, 

i n  t h e  s e c t i o n s  t o  f o l l o w  and i s  d i s c u s s e d  i n  Appendix B, 

A sampling of t h e  r e s u l t s  i s  p r e s e n t e d  

2. Free-Free Absorp t ion  C o e f f i c i e n t  

An e l e c t r o n  of p o s i t i v e  energy  moving i n  a continuum s t a t e  

i n  some atomic p o t e n t i a l  can make a t r a n s i t i o n  t o  a h i g h e r  energy  con- 
t inuum s t a t e  w h i l e  a b s o r b i n g  a photon, There  i s  no t h r e s h o l d  f o r  t h i s  

p r o c e s s ,  so  t h a t  t h e  a b s o r p t i o n  i s  cont inuous  a c r o s s  a n y  energy  range 

of  r a d i a t i o n ,  The photon a b s o r p t i o n  c r o s s  s e c t i o n  oee can be d e r i v e d  
from t h e  r e l a t e d  e x p r e s s i o n  f o r  Bremsstrahlung,  

The free-free a b s o r p t i o n  c o e f f i c i e n t  (Ref. 31, a l l o w i n g  
-1 f o r  s t i m u l a t e d  emiss ion  from h i g h e r  l e v e l s ,  i s ,  i n  cm 
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2 N N  
z_ll e i  VZ e6 

Kff (VtT)  = (&) 7 [l - exp(-hv/kT)] 
3$ rrk hcm + v3 

( 2 )  

where hV i s  t h e  photon energy,  T i s  t h e  t empera tu re  i n  degrees Kelv in ,  
Z i s  t h e  e f f e c t i v e  c h a r g e  on t h e  i o n ,  g i s  t h e  Gaunt f a c t o r ,  and Ne 
and Ni a r e  t h e  e l e c t r o n  and i o n  d e n s i t i e s ,  r e s p e c t i v e l y .  T h i s  e q u a t i o n  
can  be used f o r  C s  (El), Cs (222) and H+ ( Z = l )  w i t h  Ne e q u a l  t o  t h e  
t o t a l  e l e c t r o n  d e n s i t y  and Ni e q u a l  t o  t h e  i o n  d e n s i t y  o f  t h e  p a r t i c u l a r  

s p e c i e s .  The Gaunt f a c t o r  can  be  set e q u a l  t o  1,l o v e r  t h e  range  of pho- 
t o n  e n e r g i e s  (4 - 2 5  eV) and t empera tu res  (5,000' - 20,000°K) which we are  
c o n s i d e r i n g  f o r  a l l  t h r e e  s p e c i e s  (Ref. 101, 

+ ft 

These t h r e e  i o n i c  s p e c i e s  

a re  t h e  o n l y  ones  o f  impor tance  f o r  t h e  parameters  we a r e  using.  

No d i s t i a c t i o n  i s  made i n  Eq. ( 2 )  between cesium and hydro- 

gen i o n s ,  
p a s s  so  c l o s e  t o  the cesium i o n  t h a t  i t  p e n e t r a t e s  t h e  c o r e ,  

c l o s e  encoun te r s  a r e  a s s o c i a t e d  w i t h  l a r g e  photon e n e r g i e s  and a r e  no t  
t r e a t e d  well by Eq, (21, 

s i d e r e d  here ,  however, t h i s  approximat ion  i s  s u f f i c i e n t l y  a c c u r a t e ,  The 
effect  i s  t h a t  t h e  free-free a b s o r p t i o n  c o e f f i c i e n t  depends o n l y  on 

e l e c t r o n  d e n s i t y  and n o t  e x p l i c i t l y  on seed  f r a c t i o n ,  

e l e c t r o n  d e n s i t y  depends on seed  f r a c t i o n .  

Such t r e a t m e n t  i s  v a l i d  a s  l ong  a s  t h e  f ree  e l e c t r o n  does not  
These v e r y  

A t  t h e  d e n s i t i e s  and photon energy  range  con- 

Of cour se  t h e  

Three  r e p r e s e n t a t i v e  cu rves  of  a b s o r p t i o n  c o e f f i c i e n t  vs 
photon ene rgy  hv (eV> a r e  found i n  F igs .  6, 7 and 8, The cu rves  and 
numer ica l  computer o u t p u t s  g i v e  K(cm-l) as  a f u n c t i o n  of t h e  plasma 

pa rame te r s ;  e x p l i c i t l y  

(1) FF + 

( 2 )  T -, 

(3) DEN + 

cesium-hydrogen seed ing  f r a c t i o n .  

plasma t empera tu res  (OK) 

e l e c t r o n  d e n s i t y  (cm -3 

I 2  
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F i g u r e  9 i s  a m a s t e r  cu rve  f o r  a n  e l e c t r o n  d e n s i t y  of 
D E N = 1 0 l 7  * To o b t a i n  v a l u e s  o f  K(y,T) f o r  any  o t h e r  d e n s i t y ,  

one t a k e s  t h e  v a l u e  from F i g ,  9 u s i n g  t h e  same tempera tu re  and m u l t i -  
p l i e s  a l l  K v a l u e s  by t h e  r a t i o  (DEN /10 1, A more d e t a i l e d  d i s c u s -  

s i o n  of t h e s e  resul ts  i s  a v a i l a b l e  (Ref, 111% 

2 34 

3, Bound-Free Absorp t ion  C o e f f i c i e n t  

F o r  c a l c u l a t i o n s  of t h e  p h o t o i o n i z a t i o n  c r o s s  s e c t i o n  

0. 

Seaton  (Ref. 121. 
of a l e v e l  w i t h  e f f e c t i v e  quantum numbers 71-4 i s  

we use t h e  phase s h i f t e d  Coulomb approximat ion  of Burgess  and i e  
The e q u a t i o n  f o r  t h e  c r o s s  s e c t i o n  f o r  i o n i z a t i o n  

A’=&l 

where a i s  t h e  f i n e  structure c o n s t a n t  and a. i s  t h e  Bohr r a d i u s ,  The 
d i f f e r e n t i a l  o s c i l l a t o r  s t r e n g t h  i s  d e f i n e d  by 

where 17 and y‘ a r e  t h e  e f f e c t i v e  quantum numbers o f  t h e  i n i t i a l  
(bound) and f i n a l  (free) s t a t e s  i n  the t r a n s i t i o n ,  r e s p e c t i v e l y ,  g iven  by 

2 E = 1/71 
71R 

*2 e’ = l / Y  

16 
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"K 

FIG. 9 F r e e - f r e e  a b s o r p t i o n  c o e f f i c i e n t  vs t empera tu re  
a t  a n  e l e c t r o n  d e n s i t y  o f  1017/cm3, 
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The numbers R and A' a r e  t h e  a n g u l a r  momentum quantum numbers of  t h e  
i n i t i a l  and f i n a l  s t a t e s ,  r e s p e c t i v e l y ,  The term R> i s  t h e  l a r g e r  of 
R and A' The s q u a i e s  of  t h e  m a t r i x  e lements  have been formula ted  
u s i n g  t h e  a d j u s t e d  quantum d e f e c t  method of Norcross  and  S t o n e  (Ref. 81, 

F o r  t h e  problem b e i n g  c o n s i d e r e d ,  t h e r e  a r e  f i v e  bound 

l e v e l s  which c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  p h o t o i o n i z a t i o n  (see T a b l e  

11). 

Other  bound l e v e l s  do not  a b s o r b  i n  t h e  4 eV - 2 5  eV range  
o r  a r e  popula ted  t o o  l i t t l e  t o  g i v e  s i g n i f i c a n t  a b s o r p t i o n .  

i s  d i s c u s s e d  i n  t h e  p r e v i o u s  q u a r t e r l y  p r o g r e s s  r e p o r t s  i s s u e d  under  t h i s  
c o n t r a c t .  F o r  t h e  hytfrogen s t a t e s  t h e  c a l c u l a t i o n  of t h e  cross s e c t i o n  i s  
s i m p l i f i e d  due t o  t h e  t a b l e s  of Burgess  (Ref, 131, which make a v a i l a b l e  

much of t h e  n e c e s s a r y  d a t a  i n  t a b u l a r  form, For  cesium we have used t h e  

f o r m u l a t i o n  of Burgess  and Sea ton  d i s c u s s e d  above. 

o b t a i n e d  a r e  m u l t i p l i e d  by t h e  p o p u l a t i o n  d e n s i t y  o f  t h e  l e v e l s  involved  
i n  o r d e r  t o  o b t a i n  t h e  a b s o r p t i o n  c o e f f i c i e n t ,  

T h e i r  n e g l e c t  

The c r o s s  s e c t i o n s  

The cross s e c t i o n s  of T a b l e  I1 a r e  shown i n  F i g ,  10 and t h e  

cor responding  numerical  v a l u e s  a r e  p r e s e n t e d  f o r  r e f e r e n c e  i n  T a b l e  111. 

F i g u r e s  11, 12 and 13 show t h e  v a r i a t i o n s  of t h e  bound-free a b s o r p t i o n  

c o e f f i c i e n t s  a s  f u n c t i o n s  of t h e  t h r e e  independent  parameter  e l e c t r o n  
d e n s i t y ,  t e m p e r a t u r e ,  and cesium seed  f r a c t i o n .  

4, Bound-Bound Absorpt ion C o e f f i c i e n t  

The l i n e a r  a b s o r p t i o n  c o e f f i c i e n t  K12 r e l a t e d  t o  t h e  

a b s o r p t i o n  of a photon of energy  hv , corresponding  t o  t h e  atomic sys-  
tem going  from a bound s t a t e  (1) t o  a h i g h e r  energy  bound s t a t e  (21,  i s  
g iven  by 

K 12 ( V I  = 2 N1B12S12(v) 

18 



TABLE I1 

Bound Leve1.s. of Cesium and Hydrogen 

Element S ta tes  P Binding Energy 

2,5514 Cesium 52D3/ 2 " D5/2 

2 34522 0,18181 I' Cesium 

Cesium 62S 1 a 86874 0,28636 " 

Hyd r oge n 22s1/2'2 p1/2 2 .0  0.250 I' 

0,15362 Ry 
2 

6 2 P3/216 2 P 
1/2 

1/2 
2 

Hydrogen 12S l " 0  1-0 I$ 

1/2 
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FIG. 10 Photo ion iza t ion  c r o s s  s e c t i o n s  f o r  the bound 
l e v e l s  of cesium and hydrogen shown i n  Table 11. 
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where N1 i s  t h e  d e n s i t y  of  a b s o r b i n g  a tomic  systems i n  s t a t e  1, c i s  
t h e  v e l o c i t y  of  l i g h t ,  

c i e n t ,  and S12(v) i s  t h e  l i n e  shape,  d e f i n e d  b y  
B12 i s  t h e  E i n s t e i n  induced a b s o r p t i o n  c o e f f i -  

S i n c e  we  a r e  concerned w i t h  t h e  t o t a l  a b s o r p t i o n  c o e f f i c i e n t  o v e r  some 
A(hv> i n t e r v a l  i n  wh ich  t h i s  l i n e  f a l l s ,  we d e f i n e  a n  average  a b s o r p t i o n  
c o e f f i c i e n t  

Using t h e  r e l a t i o n s h i p  between t h e  E i n s t e i n  c o e f f i c i e n t  and t h e  a b s o r p t i o n  

o s c i l l a t o r  s t r e n g t h  

e2 4n2 
B12 = m hvc f 1 2  

we g e t  t h e  r e s u l t  

(9) 
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The e v a l u a t i o n  of t h e  a b s o r p t i o n  c o e f f i c i e n t  f o r  t h e  bound-bound t r a n s i -  

t i o n s  t h e r e f o r e  reddces  t o  knowing t h e  o s c i l l a t o r  s t r e n g t h s  
l e v e l s  which c b n t r i b u t e  s i g n i f i c a n t l y  f o r  o u r  range of  parameters .  
p o p u l a t i o n  d e h s i t i e s  Ni a r e ,  o f  course ,  known from p r e v i o u s  c a l c u l a t i o n ,  

f i j  
f o r  t h e  

The 

I n  o u r  c a s e  we need c o n s i d e r  o n l y  t h e  Lyman series f o r  
+ 6  hydrogen and t h $  Cs  (5p term i n  cesium. (A f u l l  d i s c u s s i o n  of t h i s  

c o n c l u s i o n  w i l l  be  €ound i n  Q u a r t e r l y  P r o g r e s s  Report  No, 5 ,  i n c l u d e d  a s  

Appendix €5,) 

The a b s o r p t i o n  o s c i l l a t o r  s t r e n g t h  f o r  d iscrete  t r a n s i t i o n s  

between energy  s t a t e s  w i t h  p r i n c i p a l  quantum numbers n and n' can be 
c a l c u l a t e d  e x a c t l y  f o r  t h e  hydrogen atom, The formula i s  

where g n = 2 n 2  and t h e  Gaunt f a c t o r  g = l  a These o s c i l l a t o r  s t r e n g t h s  
have been t a b u l a t e d  by Karzas  and L a t t e r  (Ref. 10). Below 20,000°K o n l y  

+ t h e  ground s t a t e  of C s  
+ t i o n  i n  Cs 

l a t t e r  p r o c e s s  having a t h r e s h o l d  of 25 ,08  eV. 

(5p6 I S )  i s  s i g n i f i c a n t l y  popula ted ,  Photoabsorp- 
can proceed b o t h  by p h o t o e x c i t a t i o n  and p h o t o i o n i z a t i o n ,  t h e  

T h e r e f o r e  i t  w i l l  no t  be 

c o n s i d e r e d ,  a s  i t  i s  o u t s i d e  the c o n t e x t  of  t h i s  r e p o r t ,  

photoabsorp t ion  i n  Cs' was t h e r e f o r e  l i m i t e d  t o  o b t a i n i n g  t h e  o s c i l l a t o r  

s t r e n g t h s  f o r  t r a n s i t i o n s  from t h e  ground s t a t e .  

Our concern w i t h  

Accurate o s c i l l a t o r  s t r e n g t h s  a r e  n o t  y e t  a v a i l a b l e  i n  t h e  

but  f a i r l y  r e l i a b l e  v a l u e s  were o b t a i n e d  by u s i n g  t h e  + l i t e r a t u r e  f o r  C s  

r e s u l t s  of  Ref, 6, T h i s  work i s  based on  t h e  Coulomb approximat ion ,  which 

i s  s t r i c t l y  a p p l i c a b l e  o n l y  t o  t h e  c a s e  of  a s i n g l e  e l e c t r o n  o u t s i d e  a 
c l o s e d  s h e l l ,  b u t  i t  has been shown t o  g i v e  adequate  results i n  a much 

wider  range of  c a s e s  (Ref. 61, 
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The a b s o r p t i o n  o s c i l l a t o r  s t r e n g t h  f i s  r e l a t e d  t o  t h e  l i n e  

s t r e n g t h  S by 

2 3,04 x 10 
gh 

f =  (12)  

where g i s  t h e  s t a t i s t i c a l  weight  of  t h e  lower l e v e l ,  t h e  wavelength h 

i s  i n  1, and t h e  l i n e  s t r e n g t h  i s  i n  a tomic  u n i t s  (a f ,e2)*  The l i n e  
s t r e n g t h  i s  g iven  by (Ref. 6 )  

where %(MI and 8 ( L )  a r e  f u n c t i o n s  of  t h e  m u l t i p l e t s  and l i n e s  invo lved  

i n  t h e  t r a n s i t i o n ,  r e s p e c t i v e l y ,  
larger  o f  t h e  two v a l u e s  o f  the a n g u l a r  momentum quantum numbers 
r a d i a l  wave f u n c t i o n s  o f  t h e  i n i t i a l  and f i n a l  s ta tes  a r e  g iven  by 

The term o2 i s  g iven  i n  teras af t h e  
R> , and 

M 2 
0 -  2 -  2 (s RiRT r dr} 

4R> - 1 0 

(14) 

The f a c t o r s  S S ( M )  and $(L) t a k e  forms de termined  by  t h e  coup l ing  scheme 
a p p l i c a b l e  t o  t h e  a tomic  system. F o r  C s  , t h e  J-L c o u p l i n g  scheme seems 
t o  be t h e  most a p p r o p r i a t e ,  s i n c e  i t s  c o n f i g u r a t i o n  i s  t h a t  of a r a r e  gas  

(Ref. 141, These f a c t o r s  have been Considered f o r  t h e  r a r e  gases  i n  Ref, 
15 and hence can  be a p p l i e d  d i r e c t l y  he re ,  I n  t h e  n o t a t i o n  of  t h i s  pape r  

+ 
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m 

RiRf r d r j 2  

and 

(15) 

where t h e  squared e x p r e s s i o n  i s  t h e  quantum mechanical  3j symbol, The 
term $(MI i s  g iven  i n  t a b u l a r  form i n  Ref, 15 and CT was o b t a i n e d  from 

t h e  t a b l e s  g iven  i n  Ref,  6, 
+ S i n c e  t h e  ground s t a t e  of Cs has J = O  , t h e  s e l e c t i o n  

J-L rules of t h e  
i n g  J = l  

of  "f". We have c o n s i d e r e d  t h e  l e v e l s  6S, 5D, 7s and 6D, These l e v e l s  
c o n t a i n  t e n  s t a t e s  t o  which t r a n s i t i o n s  a r e  p e r m i t t e d  by a b s o r p t i o n  of 
photons w i t h  e n e r g i e s  from 15,2 t o  18.9 eV, 

c o u p l i n g  scheme a l l o w  t r a n s i t i o n s  o n l y  t o  s t a t e s  hav- 

T r a n s i t i o n s  t o  t h e  n e a r e s t  s t a t e s  have t h e  l a r g e s t  v a l u e s  

I n  o r d e r  t o  compute CT , t h e  e f f e c t i v e  p r i n c i p a l  quantum 

number n* o f  t h e  l e v e l  i s  needed. I t  i s  r e l a t e d  t o  t h e  i o n i z a t i o n  

energy  of t h e  l e v e l  e , i n  Rydbergs, and t h e  r e s i d u a l  charge  C on 

t h e  atom by 

The f u n c t i o n s  t a b u l a t e d  i n  Ref. 6 a r e  r a t h e r  i n s e n s i t i v e  t o  n* so  we 

have made t h e  approximat ion  of  u s i n g  an  average  n* f o r  t h e  l e v e l ,  com- 
puted  by u s i n g  
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The r e s u l t s  of t h e s e  Computations are shown i n  T a b l e  I V .  

The energy  
Required energy  l e v e l  d a t a  were t a k e n  from Ref, 14, 

i n t o  t h r e e  groups because of  t h e  manner i n  which t h e  c a l c u l a t i o n s  were 
programmed f o r  t h e  computer, 
of t h e  Lyman hydrogen seriesII 
C s  l i n e s  used i n  t h e  c a l c u l a t i o n .  

t h a t  e x c i t a t i o n  of the 8s and 7D l e v e l s  i n  Cs 
b l e  f r a c t i o n  o f  t h e  photoabsorp t ion ,  

I V  were averaged o v e r  a l i n e  wid th  of  approximate ly  10 w ,  t h e r e  i s  a 
s l i g h t  v a r i a t i o n  from one group t o  a n o t h e r .  

hv i s  t h e  photon energy  r e q u i r e d  t o  effect  t h e  t r a n s i t i o n .  
The e n t r i e s  f a l l  

The f i r s t  group i s  t h e  f i r s t  f i f t e e n  l e v e l s  
The two s m a l l e r  groups i n c l u d e  a l l  of t h e  

+ By e x t r a p o l a t i o n  i t  was determined 
+ accounted  f o r  a n e g l i g i -  

A l l  of t h e  l i n e s  shown i n  T a b l e  

The r e s u l t s  of the-se c a l c u l a t i o n s  a r e  shown i n  F i g s ,  14,  
Each f i g u r e  compares t h e  bound-bound l i n e  s t r u c t u r e  f o r  a 15, and 16, 

c o n s t a n t  seed f r a c t i o n  f o r  t h r e e  v a l u e s  of t e m p e r a t u r e  and d e n s i t y ,  

Two p a i r s  of t h e s e  P ines  c o i n c i d e ,  i r e e ,  t h e  hydrogen 6P l i n e  and one 

of t h e  Cs+ 5 D  l i n e s ,  b o t h  f a l l  a t  13,17 eV and the hydrogen 9P l ine 

c o i n c i d e s  w i t h  one of  t h e  C s  6s l i n e s  a t  13.38 eV. F o r  FF=10M3, 
lom2 t h e  a d d i t i o n  of t h e  Cs 

t h e  v a l u e  of t h e  a b s o r p t i o n  c o e f f i c i e n t  a s  c a l c u l a t e d  f o r  hydrogen 
a lone ,  F o r  F F = l O - l  t h i s  s t i l l  a p p l i e s  f o r  the a b s o r p t i o n  c o e f f i -  

c i e n t  a t  13,38 eV w h i l e  now t h e  a b s o r p t i o n  a t  13,17 eV i s  i n c r e a s e d  
above t h e  s o l i d  l i n e  v a l u e  due t o  hydrogen a l o n e ,  t o  t h e  d o t  ( i n d i -  

c a t e d  by arrow) because of  t h e  c o n t r i b u t i o n  of t h e  Cs  5 D  l i n e .  

here  t h e  m o d i f i c a t i o n  due t o  t h e  Cs  seed i s  i n s i g n i f i c a n t .  

+ 
+ a b s o r p t i o n  does n o t  s i g n i f i c a n t l y  change 

+ Even 

I n  F i g ,  17 we show t h e  r e s u l t s  from F i g s ,  14,  15 and 16 

i n  a d i f f e r e n t  format .  F o r  t h r e e  c o n s t a n t  v a l u e s  of d e n s i t y  and tem- 
p e r a t u r e  (corresponding t o t h e  v a l u e s  i n  Figs. 14 ,  15 and 16) we p l o t  t h e  

v a r i a t i o n  of t h e  i n d i v i d u a l  l i n e s  a s  a f u n c t i o n  of seed f r a c t i o n  FF, 
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TABLE I V  

Bound-Bound L i n e s  V s  Energy  

hv(eV) 

10.16 

12.04 

12.70 

13.00 

13.17 

13.27 

13.33 

13.38 

13.41 

13.43 

13.45 

13.46 

13.47 

13.48 

13.49 

13.17 

13.38 

13.76 

15.23 

15.33 

18.55 

18.56 

18.57 

20.31 

20.58 

Final State 

2 P  

3 P  

4 P  

5 P  

6 P  

7 P  

8 P  

9 P  

10 P 

11 P 

12 P 

13 P 

14 P 

15 P 

16 P 

5 D  

6 s  

5 D  

6 s  

5 D  

6 D  

7 s  

6 D  

7 s  

6 D  

- fabs 

0.4162 

0.7910 x 10-1 

0.2899 x 10-1 

0.1394 x 10-1 

0.7799 x 

0.4184 x 

0.3183 x 

0.2216 x 

0.1605 x loe2 
0.1200 x 

0.9214 x 

0.7227 x 

0.5774 x 

0.4686 x 

0.3856 x lom3 
0.1458 x 10-1 

0,2382 x 

0,1523 x 10-1 

0.2712 x lom2 
0,3394 x 10-1 

0.2251 x 

0.4561 x 

0.2289 x 

0.4971 x 

0.5024 x 
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b 

From t h e s e  p l o t s ,  a s  t h e  t empera tu re  and d e n s i t y  i n c r e a s e  we see t h e  f o l -  

lowing, A t  low t empera tu re  and d e n s i t y ,  t h e  hydrogen l i n e  a b s o r p t i o n  

d e c r e a s e s  a s  a f u n c t i o n  o f  seed  f r a c t i o n ,  wh i l e  a t  h igh  t empera tu re  and 
d e n s i t y  i t  i s  independent  of seed f r a c t i o n ,  F o r  Cs t h e  o p p o s i t e  i s  
t r u e ,  t h e  l i n e  a b s o r p t i o n  be ing  independent  of  seed f r a c t i o n  a t  low tem- 
p e r a t u r e  and d e n s i t y ,  and i n c r e a s e s  w i t h  t h e  seed  f r a c t i o n  as  t h e  tem- 
p e r a t u r e  and d e n s i t y  i n c r e a s e ,  a s  shown by t h e  change i n  c u r v a t u r e  o f  

17 t h e  cu rves  f o r  T = 12,000°K, Ne= 10 /em3 and T=20,000°K and 

Ne=10 /cm The conc lus ion  b e i n g  t h a t  t h e  C s  l i n e  absoFpt ion  e f f i -  
c i ency  i n c r e a s e s  w i t h  t h e  t h r e e  independent  pa rame te r s  e l e c t r o n  d e n s i t y ,  
t empera tu re ,  and seed f r a c t i o n ,  as  was t o  be  expec ted ,  

+ 

18 3 + 

5 .  T o t a l  Absorp t ion  C o e f f i c i e n t  

The t o t a l  pho toabso rp t ion  c o e f f i c i e n t  i s  o b t a i n e d  by add- 

i n g  t h e  t h r e e  c o n t r i b u t i o n s  d i s c u s s e d  i n  t h e  p rev ious  s e c t i o n s ,  When 
t h e  r e s u l t s  a r e  compared, t h e  f o l l o w i n g  f a c t s  emerge f o r  t h e  c a s e s  p re -  
s e n t e d  i n  t h i s  r e p o r t ,  

F o r  a t empera tu re  of 5000'K and an  e l e c t r o n  d e n s i t y  o f  
16 3 10 /cm , t h e  a b s o r p t i o n  c o e f f i c i e n t  due t o  the free-free c o n t r i b u t i o n  

i s  n e g l i g i b l e  compared t o  t h a t  due t o  t h e  bound-free c o n t r i b u t i o n ,  A t  

low e n e r g i e s  (below 13,6 eV) it i s  t h r e e  o r d e r s  o f  magnitude less,  and 
a t  h igh  e n e r g i e s  (above 13,6 eV) i t  i s  a t  l e a s t  e i g h t  o r d e r s  of  magni- 

t u d e  less. 
s u p e r p o s i t i o n  o f  t h e  l i n e  s t r u c t u r e  due t o  t h e  discrete t r a n s i t i o n  and 
t h e  bound-free p h o t o i o n i z a t i o n  c o e f f i c i e n t ,  

F ig .  18, where t h e y  a re  p l o t t e d  v s  photon energy,  w i t h  t h e  cesium seed 

f r a c t i o n  a s  a parameter .  
i s  seen t h a t  t h e  discrete  l i n e  s t r u c t u r e  due t o  Cs (above 13.6 eV) i s  
l o s t  i n  the p h o t o i o n i z a t i o n  continuum, 

The t o t a l  pho toabso rp t ion  c o e f f i c i e n t  i s  t h e r e f o r e  j u s t  t h e  

The r e s u l t s  a r e  shown i n  

By comparison w i t h  t h e  r e s u l t s  of  Sec. 4 i t  
+ 

The r e s u l t s  f o r  a t empera tu re  of  12,000°K and e l e c t r o n  
17 3 d e n s i t y  of  10 /cm are  i n  g e n e r a l  t h e  same a s  f o r  T=5000°K and an  
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16 3 e l e c t r o n  d e n s i t y  of 10 /cm o n l y  t h e  free-free c o n t r i b u t i o n  i s  now lower 

by two o r d e r s  of magnitude a t  low energy  and a t  l e a s t  s ix  o r d e r s  of  magni- 

t u d e  a t  high energy. i s  a g a i n  l o s t  

i n  t h e  p h o t o i o n i z a t i o n  continuum, 
p l o t t e d  v s  photon energy,  w i t h  cesium seed f r a c t i o n  a s  a parameter ,  

4- The d i s c r e t e  l i n e  s t r u c t u r e  due t o  Cs 
The r e s u l t s  a r e  shown i n  F ig ,  19, 

A t  20,000°K the free-free c o n t r i b u t i o n  t o  t h e  continuum i s  
approximate ly  1oo/o of t h e  bound-free c o n t r i b u t i o n  f o r  e n e r g i e s  below 13.6 

eV, 
be ing  a t  l e a s t  t h r e e  o r d e r s  of magnitude below t h e  bound-free va lue ,  

t o t a l  a b s o r p t i o n  c o e f f i c i e n t  i n c l u d i n g  t h e  lower energy  m o d i f i c a t i o n  due 

t o  the free-free c o n t r i b u t i o n  i s  shown i n  F ig ,  20. 
l i n e  s t r u c t u r e  due t o  t h e  bound-bound a b s o r p t i o n  has s imply been added i n ,  
I t  i s  t o  be n o t i c e d  t h a t  f o r  t h e  maximum seed  f r a c t i o n  of F F = l O - l  

d i s c r e t e  Cs 

A t  l a r g e r  e n e r g i e s  t h e  free-free c o n t r i b u t i o n  i s  a g a i n  n e g l i g i b l e ,  

The 

Again t h e  d i s c r e t e  

t h e  
+ l i n e s  a r e  v i s i b l e  above the continuum a t  high energy.  

I n  summary, t h e  cesium seed  i n c r e a s e s  t h e  a b s o r p t i o n  below 

13,6 eV, The i n c r e a s e  i s  most s i g n i f i c a n t  a t  t h e  lowes t  e n e r g i e s  and i s  
n e a r l y  a l l  due t o  t h e  bound-free t r a n s i t i o n s  from n e u t r a l  cesium (photo- 
i o n i z a t i o n ) ,  Above t h e  t h r e s h o l d  f o r  hydrogen i o n i z a t i o n  (13 eV) t h e  

c o n t r i b u t i o n  of cesium i s  almost  n e g l i g i b l e .  

111. SPECTROSCOPIC TEMPERATURE MEASUREMENT OF CS-H MIXTURE 

A I NTRODUCTI ON 

T h i s  s e c t i o n  c o n s i d e r s  s p e c t r o s c o p i c  t e c h n i q u e s  f o r  meas- 

u r i n g  t h e  t e m p e r a t u r e  o f  hot cesium seeded hydrogen g a s ,  

methods a r e  well known and i n v o l v e  a b s o l u t e  and r e l a t i v e  l ine i n t e n s i t y  

measurements and continuum emiss ion  measurements. 

r e p o r t  i s  t o  provide  d a t a  so t h a t  t h e  measurements can  be performed, 
P a r t i c u l a r  l i n e s  a r e  chosen and t h e i r  wid th ,  a b s o r p t i o n  c o e f f i c i e n t  and 

emiss ion  energy  d e n s i t y  a r e  c a l c u l a t e d ,  

The pr imary 

The o b j e c t i v e  i n  t h i s  
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The r ange  of  t empera tu re ,  T , p r e s s u r e ,  p , and seed  f r a c -  

t i o n ,  FF , are  t h e  same as  i n  p a r t  B, Sec, 11. Tha t  i s ,  we c o n s i d e r  

5000°K s T s 20, OOOOK 

O , t O  atm s p s 100 atm 

loF3 s FF s 10-1 

Under t h e s e  c o n d i t i o n s  t h e  e q u i l i b r i u m  e l e c t r o n  d e n s i t y ,  

range  

Ne , i s  i n  t h e  

cm-3 g N~ 10 19 cm-3 

The s p e c i e s  c o n c e n t r a t i o n s  a r e  v e r y  n e a r l y  t h e  same as  t h e y  
would be  i f  t h e  plasma were i n  thermodynamic e q u i l i b r i u m .  

r e s u l t  o f  c o l l i s i o n a l  i n t e r a c t i o n  between t h e  s p e c i e s .  
h igh  p r e s s u r e s  t h a t  we a r e  c o n s i d e r i n g ,  t h e  r a d i a t i v e  l o s s  (a l o s s  t h a t  

causes  d e p a r t u r e  from thermodynamic e q u i l i b r i u m )  i s  s m a l l  compared t o  
c o l l i s i o n  effects  which e s t a b l i s h  e q u i l i b r i u m ,  O t h e r  effects t h a t  would 

cause  d e p a r t u r e s  from e q u i l i b r i u m  p o p u l a t i o n s ,  such  a s  d i f f u s i o n  t o  w a l l s  

and ene rgy  i n p u t  from a t empera tu re  s o u r c e ,  a r e  n e g l e c t e d  a s  t h e y  a r e  
v e r y  much dependent  on t h e  p a r t i c u l a r  d e v i c e  and cannot  be  t r e a t e d  i n  

g e n e r a l .  
t h e  plasma, p a r t i c u l a r l y  when t h e  plasma i s  p h y s i c a l l y  large compared t o  

c o l l i s i o n a l  mean free pa ths .  

T h i s  i s  a 
A t  t h e  r a t h e r  

However, t h e y  w i l l  g e n e r a l l y  no t  be impor t an t  i n  t h e  body o f  

The s p e c t r a  observed  from t h e  plasma w i l l  be  q u i t e  complex. 

The re  w i l l  be  many l i n e s  o f  n e u t r a l  cesium, s i n g l y  i o n i z e d  cesium and,  a t  

h igh  t empera tu res ,  doubly  i o n i z e d  cesium, Hydrogen l i n e s  w i l l  a l s o  be  

p r e s e n t  th roughout  t h e  t empera tu re  range .  
a l s o  compl ica ted  and i s  made up of  bound-free t r a n s i t i o n s ,  some free-free 

The c o n t i n u a  between l i n e s  i s  
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t r a n s i t i o n s  and o v e r l a p p i n g  wings of  nearby l i n e s ,  The a b s o r p t i o n  c o e f f i -  

c i e n t  of t h e  p r e v i o u s  s e c t i o n  p r o v i d e s  i n f o r m a t i o n  about  t h e  cont inua  t h a t  

w i l l  be  d i s c u s s e d  i n  p a r t  E of t h i s  p r e s e n t  s e c t i o n .  

s p e c t r a  may a l s o  be observed,  Molecular  hydrogen, i n  p a r t i c u l a r ,  i s  p r e s -  
e n t  i n  s i g n i f i c a n t  q u a n t i t i e s  a t  t h e  lower tempera tures ,  

Some m o l e c u l a r  band 

The s p e c t r a  p r o v i d e  a w e a l t h  o f ’ i n f o r m a t i o n  about  t h e  plasma. 

I n  p a r t i c u l a r ,  t h e  t e m p e r a t u r e  c a n  b e  determined from t h e  i n t e n s i t y  of  

s p e c t r a l  l i n e s ,  
S t a r k  broadened l i n e s ,  
t h e  tempera ture  i n  t h e s e  e q u i l i b r i u m  s i t u a t i o n s  by reference t o  t h e  con- 
c e n t r a t i o n  c a l c u l a t i o n s  ( F i g s ,  1 - 5  of Sec. 111, p a r t  A ) ,  Care must be 
used i n  i n t e r p r e t i n g  p r o p e r t i e s  of  t h e  plasma from e m i s s i o n  s p e c t r a ,  
p e r a t u r e s  can be o b t a i n e d  from l i n e  i n t e n s i t i e s  o n l y  i f  t h e  l i n e s  a r e  

o p t i c a l l y  t h i n ,  S i m i l a r l y ,  l i n e  shapes r e v e a l  e l e c t r o n  densi t ies  o n l y  
when t h e  l i n e s  a r e  o p t i c a l l y  t h i n  and predominant ly  S t a r k  broadened, 
Atomic c o n s t a n t s  f o r  t h e  l i n e s  must a l s o  be known t o  r e a s o n a b l e  accuracyI  

These c o n s i d e r a t i o n s  r u l e  o u t  t h e  use of much of t h e  a v a i l a b l e  spectrum, 

The e l e c t r o n  d e n s i t y  can  be o b t a i n e d  from t h e  shape of  
Knowledge o f  e l e c t r o n  d e n s i t y  w i l l  a l s o  r e v e a l  

Tem- 

Much of  t h i s  s e c t i o n  i s  devoted t o  c o n s i d e r a t i o n  of t h e  

above d i f f i c u l t i e s ,  

ments a r e  l i s t e d  i n  T a b l e  V, 

of t h e  Balmer series, 
l i n e s  a r e  c e r t a i n l y  not  t h e  s t r o n g e s t  l i n e s  i n  t h e  spectrum but  a r e  con- 

v e n i e n t  t o  observe  and a r e  u s u a l l y  not  a f f e c t e d  by s e l f - a b s o r p t i o n  ( t h a t  

i s ,  t h e y  a r e  o p t i c a l l y  t h i n ) ,  S e l f - a b s o r p t i o n  i s  reduced because none 

of t h e  l i n e s  end on t h e  ground s t a t e ,  N e v e r t h e l e s s  c a r e  must be t a k e n  

t o  be c e r t a i n  t h a t  s e l f - a b s o r p t i o n  i s  n o t  s i g n i f i c a n t ,  

i n  d e t a i l  i n  p a r t  C, 

L i n e s  t h a t  a r e  sugges ted  f o r  s p e c t r o s c o p i c  measure- 
The hydrogen l i n e s  a r e  t h e  f i r s t  f o u r  l i n e s  

These P e r t i n e n t  a tomic  p r o p e r t i e s  a r e  a l s o  g iven ,  

T h i s  i s  d i s c u s s e d  

Only l i n e s  of hydrogen and n e u t r a l  cesium a r e  cons idered ,  

Many l i n e s  of s i n g l y  and doubly i o n i z e d  cesium w i l l  b e  observed from t h e  

plasma, bu t  a tomic  p r o p e r t i e s  of these l i n e s - p a r t i c u l a r l y  o s c i l l a t o r  
s t r e n g t h s - a r e  not  known well enough t o  use them f o r  d i a g n o s t i c  purposes ,  
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TABLE V 

L i n e s  Considered i n  T h i s  Report* 

S p e c i e s  

cs I 

cs  I 

cs I 

cs I 

cs 1 

cs I 

cs I 

cs I 

5! 
H 

B 
H 

HY 

H6 

h 
- rW'; 
98 12 

9786 

9187 

8827 

808 1 

7282 

6072 

6631 

6562 

486 1 

4340 

4101 

* 
€ i% the o m i l l a t o r  s t r e n g t h ,  

%LU 
- 

,00017 

.00187 

0009 1 1 

.000486 

1272 

(I 0650 

* 0383 

.0241 

.641 

,1193 

0434 

,0221 

gU 
- 

2 

4 

4 

4 

14 

14 

14 

14 

18 

32 

50 

72 

2 ,0242 .11736 

2 ,0181 ,11736 

2 ,0141 ,11736 

6 .04044 ,1533 

6 ,02806 ,1533 

6 ,02059 .1533 

6 .01575 .1533 

8 ,1111 .25 

8 .0625 -25 

8 .0400 .25 

8 .(I278 .25 

1, 
gu 
% 
The subscript L refers t o  the lower l e v e l .  

i s  t h e  wavelength a t  l ine center i n  angs t roms,  
i s  t h e  s t a t i s t i c a l  weight  of t h e  upper  level and 
i s  t h e  b ind ing  ene rgy  of t h e  upper  l e v e l  i n  rydbe rgs  (1 rydberg = 13,6 eV), 

r 
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.Moreover, i o n  l i n e s  a r e  n o t  r e a l l y  needed, a s  t e m p e r a t u r e s  can be reason-  

a b l y  well deduced from n e u t r a l  l i n e s ,  I t  should  b e  r e a l i z e d  t h a t  t h e  

o s c i l l a t o r  s t r e n g t h s  c a l c u l a t e d  i n  p a r t  B of Sec, I11 f o r  Cs a r e  n o t  
a c c u r a t e  enough f o r  t e m p e r a t u r e  d i a g n o s t i c s  bu t  a r e  s a t i s f a c t o r y  f o r  

estimates o f  t h e  a b s o r p t i o n  c o e f f i c i e n t ,  
a b s o r p t i o n  i s  a s m a l l  p a r t  of t h e  t o t a l  a b s o r p t i o n ,  

+ 

T h i s  i s  because t h e  i o n  l i n e  

The remainder  of t h i s  s e c t i o n  i s  a d e t a i l e d  c a l c u l a t i o n  of 

t h e  i n t e n s i t i e s  and shapes  of  t h e  l i n e s  l i s ted  i n  T a b l e  8, 

t i o n ,  a l r e a d y  mentioned, t h a t  t h e  s p e c i e s  and t h e i r  e x c i t e d  S t a t e s  a r e  

i n  e q u i l i b r i u m  and p r i o r  knowledge of  t h e  a tomic  p r o p e r t i e s  of t h e  l i n e s  

a l l o w s  u s  t o  c a l c u l a t e  i n t e n s i t i e s ,  The r e s u l t s  of  t h i s  c a l c u l a t i o n  and 
a d i s c u s s i o n  of t h e i r  i n t e r p r e t a t i o n  i n  terms of a t e m p e r a t u r e  a r e  pre-  
s e n t e d  i n  p a r t  D, The l i n e  w i d t h s  and a b s o r p t i o n  c o e f f i c i e n t s  a r e  d e t e r -  

mined i n  p a r t s  B and  C, The l i n e  w i d t h  i s  needed t o  de te rmine  e l e c t r o n  
d e n s i t y  which i s  a c r i t i c a l  parameter  i n  t h e  d i s c u s s i o n s ,  and t o  c a l c u -  
l a t e  t h e  a b s o r p t i o n  c o e f f i c i e n t  a t  l i n e  center, The a b s o r p t i o n  c o e f f i -  

c i e n t  must be known t o  be c e r t a i n  t h a t  s e l f - a b s o r p t i o n  i s  n o t  p r e s e n t ,  

The assump- 

F i n a l l y ,  continuum emiss ion  i s  d i s c u s s e d  b r i e f l y  i n  p a r t  E. 

I t  i s  assumed throughout  t h e  d i s c u s s i o n  t h a t  t h e  t o t a l  

p r e s s u r e  of t h e  gas  m i x t u r e  and t h e  cesium seed f r a c t i o n  a r e  known, 

B, LINE WIDTH 

Atomic l i n e  wid ths  must be known t o  c a l c u l a t e  t h e  absorp-  

t i o n  c o e f f i c i e n t  a t  l i n e  c e n t e r ,  The a b s o r p t i o n  c o e f f i c i e n t s  a r e  c a l -  

c u l a t e d  i n  p a r t  C, 

Atomic l i n e s  a r e  broadened beyond t h e i r  n a t u r a l  wid th  i n  

s e v e r a l  ways, The i m p o r t a n t  mechanisms t o  c o n s i d e r  h e r e  a r e  Doppler 

broadening,  resonance  broadening,  Van der Waals broadening and S t a r k  

broadening,  

and t h e  o t h e r  mechanisms a r e  not  s i g n i f i c a n t ,  N e v e r t h e l e s s ,  e x p r e s s i o n s  
a r e  g i v e n  from t h e  s t a n d a r d  l i t e r a t u r e  f o r  a l l  t h e s e  c a s e s  so t h a t  o t h e r  

The l i n e s  t h a t  we c o n s i d e r  a r e  a l l  g r e a t l y  S t a r k  broadened 
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l i n e s  and c o n d i t i o n s  can  be e a s i l y  c o n s i d e r e d ,  

A?, 

In a l l  e x p r e s s i o n s  below, 

i s  t h e  h a l f  ha l f -wid th  i n  1 

1, Doppler  Broadening 
The ha l f -wid th  a t  h a l f  maximum i n t e n s i t y  i s  g iven  by 

It i s  more convenient  t o  c o n v e r t  t o  Angstrom u n i t s ,  

AA = 3,585 x io 

(19) 

(20) 

where io i s  t h e  l i n e  c e n t e r  wavelength i n  B ,  Ah i s  t h e  h a l f  ha l f -wid th  
i n  1, T i s  t h e  t e m p e r a t u r e  i n  K ,  and M i s  t h e  a tomic  weight  of  t h e  

s p e c i e s ,  

0 

A t  20,000°K a n  8000 cesium l i n e  has a Ah of  0,035 

and an  8000 hydrogen l i n e  has A h = 0 , 4 0  The w i d t h  i s  less a t  lower 

tempera ture ,  

2, Resonance Broadening 

T h i s  i s  due t o  t h e  r a d i a t i n g  atom c o l l i d i n g  w i t h  a n e u t r a l  

atom of i t s  own k i n d  (Cs - C s  o r  H-H) when e i t h e r  t h e  upper  o r  lower 

l e v e l  of  t h e  r a d i a t o r  p o s s e s s e s  d i p o l e  m a t r i x  e lements  connec t ing  i t  t o  

t h e  i n i t i a l  s t a t e  ( u s u a l l y  t h e  ground s t a t e )  of t h e  p e r t u r b e r ,  
e x p r e s s i o n  f o r  t h e  h a l f  ha l f -wid th  in f requency  u n i t s  i s  g iven  by impact 

t h e o r y  a s  

The 
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e = 4,8 x lo-'' ~ S U  

-28 m = 9.1 x 1G gms 

gu,gL = s t a t i s t i c a l  wei-ght of the upper  and lower 
l e v e l s  of t h e  t r a n s i t i o n ,  r e s p e c t i v e l y ,  

f '  = o s c i l l a t o r  s t r e n g t h  between t h e  p e r t u r b e r  
and e i t h e r  upper  o r  lower l e v e l  of t h e  
r a d i a t i n g  atom, 

v '  = f r equency  of t h e  t r a n s i t i o n  a s s o c i a t e d  
w i t h  f '  , ssc'l. 

N = p e r t u r b e r  d e n s i t y ,  i n  cmm3, 
P 

The impact  t h e o r y  i s  o n l y  v a l i d  when t h e  p e r t u r b e r  d e n s i t y  i s  no t  t o o  

l a r g e ,  The requi rement  i s  

The o n l y  new q u a n t i t y  i n  t h i s  e x p r e s s i o n  i s  t h e  ave rage  p e r t u r b e r  v e l o c i t y ,  
B , g iven  i n  cm/sec, 

The ave rage  v e l o c i t y  can be expres sed  i n  terms of the tem- 
p e r a t u r e  and t h e  e x p r e s s i o n  r e w r i t t e n  a s  
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w i t h  

X i n  8 ,  T i n  OK, hv' i n  eV and N i n  cm -3 ./ 
0 P 

3, Van d e r  Waals Broadening 

Van der Waals broadening results from c o l l i s i o n  of t h e  
r a d i a t i n g  atom w i t h  o t h e r  atoms when n e i t h e r  l e v e l  of t h e  r a d i a t i v e  

t r a n s i t i o n  i s  connected by d i p o l e  m a t r i x  e lements  t o  t h e  s t a t e  of t h e  
p e r t u r b e r  atom, 
s t a t e  atoms and may be of t h e  same o r  a d i f f e r e n t  s p e c i e s .  

has most o f t e n  been observed  w i t h  l a r g e  p r e s s u r e s  of a f o r e i g n  gas  mixed 

i n  w i t h  t h e  r a d i a t i n g  gas ,  

The impor tan t  p e r t u r b e r s  a r e  n e a r l y  always ground 

T h i s  effect  

The impact t h e o r y  i s  a lmost  always v a l i d  f o r  t h i s  broad- 
e n i n g  and g i v e s  t h e  h a l f  ha l f -wid th  a s  

w i t h  
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4- 1 - 3 $- 

2 52 EH - z L  % = 2 (Em EH - E ~ [ E ~  - EH 

where 

E = I o n i z a t i o n  p o t e n t i a l  o f  r a d i a t i n g  atom, 

EH = I o n i z a t i o n  p o t e n t i a l  of hydrogen, 

% = E x c i t a t i o n  p o t e n t i a l  of  upper  s t a t e  of  

W 

r a d i a t i n g  atom, 

E = E x c i t a t i o n  p o t e n t i a l  o f  f i r s t  resonance  
level o f  p e r t u r b e r ,  i n  e r g s ,  

Ru = O r b i t a l  quantum number of upper  s t a t e  of 

N = P e r t u r b e r  d e n s i t y ,  cm , and 

r a d i a t i n g  atom, 
-3 

P 
z = E f f e c t i v e  cha rge  on r a d i a t i n g  e l e c t r o n  

(FZJ l , O ) *  

- 6 i s  the m a t r i x  element of t h e  s q u a r e  o f  t h e  p o s i t i o n  v e c t o r  of the 

r a d i a t i n g  e l e c t r o n  i n  t h e  i n i t i a l  s t a t e .  The b a r  o v e r  V 3/5 means t h e  
ave rage  of  V 3/5 o v e r  t h e  v e l o c i t y  d i s t r i b u t i o n ,  

The e x p r e s s i o n  w i t h  wavelength i n  A, E i n  eV, and T 
P 

i n  OK i s  

- 2 /5  
- =  Ah 1,17 x 10 -24 N (!) (L)[+) 3/10 
h 

0 E2 6200 10 NI 

(24)  

(25)  

As b e f o r e ,  M i s  t h e  molecu la r  weight ,  
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, 

4, S t a r k  Broadening 

S t a r k  broadening  r e s u l t s  from c o l l i s i o n s  of  t h e  r a d i a t i n g  

atom w i t h  i o n s  and e l e c t r o n s ,  

f i e l d s  of  t h e  charged p e r t u r b e r s  and i s  of l o n g e r  range  t h a n  i n  t h e  neu- 
t r a l  atom c o l l i s i o n s  i n v o l v e d  i n  resonance  and Van d e r  Waals broadening,  
T h i s  broadening dominates ,  t h e r e f o r e ,  a t  h igh  e l e c t r o n  ( i o n )  d e n s i t y ,  
I n  p r a c t i c e ,  whenever t h e  i o n  d e n s i t y  i s  1% o r  more of  the atom d e n s i t y  

t h e  S t a r k  effect  must b e  c o n s i d e r e d ,  I o n s  and e l e c t r o n s  must b o t h  b e  
i n c l u d e d  i n  t h e  c a l c u l a t i o n  of S t a r k  broadened w i d t h s ,  The c a l c u l a t i o n  
procedures  a r e  a l s o  d i f f e r e n t  i f  t h e  l i n e s  a r e ,  o r  a r e  n o t ,  i s o l a t e d ,  
I s o l a t e d  l i n e s  o c c u r  when t h e  s t a t e s  involved  i n  t h e  r a d i a t i v e  t r a n s i -  

t i o n  a r e  s u f f i c i e n t l y  f a r  away i n  energy  from ne ighbor ing  s t a t e s ,  
s i t i o n s  i n  hydrogen a r e  never  i s o l a t e d  because of t h e  

t h e  e x c i t e d  s t a t e s ,  
n o n i s o l a t e d  (hydrogenic)  a t  high i o n  d e n s i t i e s  when broadening of t h e  

upper level i s  s u f f i c i e n t l y  l a r g e  t o  c a u s e  o v e r l a p p i n g  w i t h  ne ighbor ing  

l e v e l s ,  
h igh  levels a r e  n e c e s s a r i l y  c l o s e  t o g e t h e r .  However, such high l e v e l s  
a r e  not  u s u a l l y  observed  i n  d i a g n o s t i c  s t u d i e s ,  

The i n t e r a c t i o n  i s  through t h e  e lec t r ic  

Tran- 

R degeneracy of 

Cesium l i n e s  a r e  u s u a l l y  i s o l a t e d  but  w i l l  become 

Very high s t a t e s  of  any atom g i v e  n o n - i s o l a t e d  l i n e s  because 

Simple e x p r e s s i o n s  f o r  t h e  h a l f  h a l f - w i d t h s  of  i s o l a t e d  

l i n e s  have been g iven  by Griem (Ref, 9) 

A 1  = [l + 1,75 c r ( l  - 0,75)r]w (26) 

i f  

r e 0.8 

CY < 0,5 
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w i t h  

1/3 eN1l6 
r -  -15L 

21/6 (kT>1/2 
1 (27) 

The c o e f f i c i e n t  r i s  t h e  r a t i o  of  t h e  mean d i s t a n c e  between i o n s  t o  t h e  

Debye d i s t a n c e ,  The c o e f f i c i e n t  a accounts  f o r  t h e  c o n t r i b u t i o n  of 
i o n s  t o  t h e  t o t a l  w i d t h  u s i n g  q u a s i s t a t i c  t h e o r y ,  w h i l e  

t h e o r y  w i d t h  from e l e c t r o n s .  The a and w v a l u e s  a r e  t a b u l a t e d  i n  
Griem's book (Ref. 91, 
be cons idered ,  Hence, l i n e s  from t h e  same upper s t a t e  have t h e  same w i d t h  

i n  u n i t s  o f  f requency  or energy, The w i d t h  w i s  g i v e n  by Griem i n  ang- 
s t roms and m u s t  b e  c o n v e r t e d  f o r  o t h e r  l i n e s  w i t h  t h e  same upper  s t a t e  by 

m u l t i p l y i n g  by (hline/htableI2 . 

w i s  t h e  impact 

Only t h e  upper  s t a t e  of i s o l a t e d  l i n e s  needs t o  

Hydrogen l i n e s  a r e  not  i s o l a t e d  and t h e i r  wid th  cannot  b e  
e x p r e s s e d  a s  i n  Eq. (261, D e t a i l e d  c a l c u l a t i o n s  a r e  a v a i l a b l e  f o r  t h e s e  

l i n e s  (Ref. 161 Table V I  shows thewidths of t h e  l i n e s  o f  T a b l e  V g iven  by Eq, 
(261 and Ref. 16 a t  t h e  d e n s i t i e s  and t e m p e r a t u r e s  of  i n t e r e s t  t o  us. 
Under a l l  c o n d i t i o n s  l i s t e d  i n  T a b l e  V I  t h e  l i n e s  a r e  predominant ly  

S t a r k  broadened and o t h e r  broadening mechanisms can  be ignored ,  

i s  not  n e c e s s a r i l y  t r u e  a t  lower e l e c t r o n  d e n s i t i e s  t h a n  l i s t e d ,  

h i g h e r  e l e c t r o n  d e n s i t i e s  t h e  cesium l i n e s  a r e  no l o n g e r  i s o l a t e d  

(a 3 0,5 and/or  r 2 0.81, 

i n  Table  V I  a r e  h a l f  w i d t h s  a t  h a l f  maximum i n t e n s i t y ,  

l i n e s  u s u a l l y  have two symmetric maximum p o i n t s  o f f  l i n e  c e n t e r  a s  t h e  
S t a r k  f i e lds  remove t h e  R degeneracy of the s t a t e s ,  N e v e r t h e l e s s ,  
t h e  hydrogen w i d t h s  i n  T a b l e  V I  a r e  s t i l l  w i d t h s  a t  h a l f  t h e  maximum 

i n t e n s i t y ,  

T h i s  

A t  

I t  should  be emphasized t h a t  t h e  e n t r i e s  
The hydrogen 
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TABLE VI-A 

Ha lf-width a t  Ha le mum In tens i ty  i n  Angstroms, Cesium Lines 

Transit ion Ne Temp (OK) 

(L, U) (cmm3) 5000 bo00 7000 8000 9000 10,000 

1015 2.960 3,048 3,120 3,176 3,200 

1015 3,437 3,484 3,539 3,587 3,626 

1015 6,263 6,366 6,453 6,526 6.577 

1015 10,902 11,109 11,247 11,316 11,454 

1015 0,640 0,636 0,635 0,633 0,629 

1015 1,91 1,90 1,89 1,88 1,87 

1015 7,33 7.29 7,27 7,25 7,26 

10l6 31-44 32.24 33,60 34,40 34,72 

10l6 36,66 37,53 38,32 39,03 39,58 

10" 67-82 69.64 7 1 , l O  72.42 73,29 

10l6 120,13 123,44 126,34 127,93 130-34 

1016 6,81 6,83 6,86 6,89 6,87 

1 O l 6  21,06 21,18 21,33 21,39 21,39 

10l6 * * * * 1 

loz6 * * * * * 

3,240 

3,674 

6,614 

11,523 

0,629 

1.85 

3,78 

7,25 

35,28 

40,21 

74,02 

131,51 

6.90 

21,27 

* 

* 

* Lines a re  becoming nonisolated, 
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TABLE VI - B 

Half" Width at Hal% Maximum Intensity i n  Angstroms, Hydrogen Lines 

L i  ne 

H 

H 

H 

H 

- 
a 

a 

B 

B 

HY 

H6 

H6 

Y H 

** 
Tempera tur,e 

30*000 

20,000 

10,000 

201t000 

10,000 

20+000 

lO*OOO 

20~000 

15 Ne 10 

0,98 

le01 

0,88 

0,72 

2,07 

2.07 

1918 - - --c- 

0,70 4,35 22,6 

0,70 4,35 25, l  

4,79 22-4 

4,67 21,2 

4,79 24,O 

4.67 29,4 

10,50 

10,80 

** Interpolate linearly €or intermediate temperature, 
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C, OPTICAL THICKNESS 

L i n e  i n t e n s i t i e s  cannot  be used  t o  de t e rmine  t h e  t empera tu re  
The o p t i c a l  d e p t h  o f  a uniform i n  t h e  g a s  u n l e s s  t h e y  a r e  o p t i c a l l y  t h i n ,  

g a s  i s  

o p t i c a l  d e p t h  = k ( v )  x 

where k ( v )  i s  t h e  f r equency  dependent a b s o r p t i o n  c o e f f i c i e n t  i n  cm-l 
and x i s  t h e  g a s  t h i c k n e s s  i n  cm, When t h e  o p t i c a l  d e p t h  a t  f r e q u e n c y  

v i s  much less t h a n  one ,  t h e  g a s  i s  o p t i c a l l y  t h i n  a t  t h a t  f requency ,  

The a b s o r p t i o n  c o e f f i c i e n t  i n  t h e  v i c i n i t y  of  a l i n e  cen- 

and r e s u l t i n g  from a n  a tomic  t r a n s i t i o n  from 
vO 

t e r e d  a t  f r equency  

upper  l e v e l  2 t o  lower  l e v e l  1 i s  

k ( v )  = - 

where S(v)  i s  t h e  l i n e  shape ,  B12 i s  the E i n s t e i n  a b s o r p t i o n  coe f -  
f i c i e n t  a s s o c i a t e d  w i t h  i n t e n s i t y  (cm /erg-see), 
emis s ion  c o e f f i c i e n t  and t h e  N's a r e  t h e  l e v e l  d e n s i t i e s ,  cm ). 

i s  t h e  induced  2 
B21 -3 

I f  t h e  l i n e  has  a p u r e  L o r e n t z  p r o f i l e  o f  h a l f  ha l f -wid th  

nv =y/4rr 

(28) 
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t h e  a b s o r p t i o n  c o e f f i c i e n t  a t  l ine  c e n t e r  i s  

- B  N ]  (30) hvO 
ko = rry PlPl 21 2 

We n e g l e c t  t h e  B21 

o n l y  and do n o t  c o n s i d e r  t h e  compensating effect  of induced  emiss ionL  
e x p r e s s i o n  i n  terms of the o s c i l l a t o r  s t r e n g t h  i s  t h e n  

term so t h a t  we have t h e  c o e f f i c i e n t  f o r  a b s o r p t i o n  

The 

0,10616 
Y Nlf 12 k =  

0 

and conve r t ing  y t o  angstrom u n i t s  by 

g i v e s  

Nlf 12 ko = 2,81  x 10 

(31) 

(32)  

w i t h  ho,  A x  i n  angstroms,  Ah i s  t h e  h a l f  wid th  a t  h a l f  maximum 
i n t e n s i t y ,  
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The c a l c u l a t e d  a b s o r p t i o n  c o e f f i c i e n t s  a re  shown i n  Tab le  
V I I S  The l i n e  wid ths  o f  Tab le  V I  have been used i n  Eq* (321, I t  should  
be emphasized t h a t  Eq, (32)  i s  s t r i c t l y  c o r r e c t  o n l y  f o r  pu re  Loren tz  

p r o f i l e s  (Eq, (2911, w h i l e  S t a r k  broadening  by i o n s  and e l e c t r o n s  g i v e s  
a mix tu re  of Loren tz  shapes ,  I t  i s  f e l t ,  however, t h a t  u s e  o f  Eq, (32) 
w i t h  t h e  ha l f  w i d t h s  o f  Tab le  V I  gives a c c u r a t e l y  enough t o  u s e  as 

a warning as  t o  when the l i n e s  become o p t i c a l l y  t h i c k ,  

ko t o  f a c t o r s  of  two a r e  s u f f i c i e n t  f o r  t h i s  purpose,  

ko 
Accurac ies  o f  

The product  of ko o f  T a b l e  V I 1  and t h e  a c t u a l  g a s  t h i c k -  

nes s  x i s  t h e  o p t i c a l  t h i c k n e s s ,  L ines  w i l l  be s u f f i c i e n t l y  t h i n  t o  
use  f o r  s p e c t r o s c o p i c  t empera tu re  measurements i f  ko  x e 0,25 a 

D. LINE EFQISSION AND TEMPERATURE MEASUREMENTS 

High t empera tu re  g a s  w i l l  emit photons by  spontaneous 
Induced e m i s s i o n  i s  not  impor t an t  when t h e  g a s  i s  o p t i c a l l y  emiss ion ,  

t h i n  f o r  abso rp t ion .  

a n g l e  i n  an  a tomic  l i n e  c e n t e r e d  a t  f r equency  vo i s  

The energy  emitted p e r  u n i t  volume p e r  u n i t  s o l i d  

1 3 U(n) = N2A21 hvo erg/cm -sec-sr (33) 

where N2 
t r a n s i t i o n  and A21 i s  t h e  E i n s t e i n  t r a n s i t i o n  p r o b a b i l i t y ,  

i s  the popu la t ion  d e n s i t y  o f  atoms i n  t h e  upper  s ta te  of t h e  

The same e x p r e s s i o n  i n  terms of the o s c i l l a t o r  s t r e n g t h  i s  

U(n) = 1,054 (t) N2 f12 W/cm 3 -sr 

0 

(34) 
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P 

TABLE VI1 - A 

Absorption Coefficient a t  L i n e  Center of Cesium Lines 

FF = 

Transit ion 5000 - 
1.87( -6 

1,77( -5) 

4 9 16 (-6 1 

10 18C -6 1 

4 *37(-2) 

6 08 ( -3 ) 

1*160(-3) 

4.871 -4) 

9 66(-6 

9 08 t -5 

2*11(-5) 

5.86 (-6) 

*cg 
Temp, (OK) 

6000 - 
2 w375 (-6 

2.28 ( -5 

5*34(-6 5 

1.51 ( -6 1 

4 e46 (-2) 

6 . 19(-3) 

1,64 C -3 

4,96(-4) 

7.35(-6) 

6,91(-5) 

1,60(-5) 

4,45( -6 1 

5D5/2, 5F 10l6 2,25(-1) 1,36(-1) 

5D5/2s 6F 10l6 3,02(-2) 1,82(-2) 

7F 10l6 * * 
5D5/2f 8F 1 O l 6  * * 

7000 
I_ 

2.74(-6 1 

2*65(-5) 

6 22(-6 

1*75(-6) 

4 *60(-2 

6,42(-3) 

1 a69 (-3) 

5 . 13(-4) 

7.94(-6) 

7 *62(-5 1 

1,77(-5) 

4.881-6) 

1*33(-1) 

1.78(-2) 

* 
* 

* 
Lines a r e  becoming nonisolated. 

The parenthesis encloses the power of ten by which t h e  entry should 
be multiplied,  

** 



TABLE V I 1  - A (cont,) 

FF = 

Trans$ t i o n  Ne 
(Le U) , (c~n-~) 5,000 

1015 1,87(-6) 

1015 1,77(-5) 

1015 4,16(-6) 

10l5 1,18(-6) 

5D5/2* 5F lo1' 4,37(-2) 

5D5/2, 6F 1015 6.08(-3) 

I/ 2 

3/2 

3/2 

3/2 

7s, TOP 

7s, 10P 

7s 11P 

7s, 12P 

1,60(-3) 

4,87 ( -4) 

9*66 (-6 

9 -07 (-5 1 

2*11(-5) 

5.86 (-6 1 

2,25(-1) 

3 02 (-2 1 

1.65(-3) 

4.99 (-4) 

7 35 (-2 

6,91(-5) 

1.60(-5) 

4.45 (-6) 

1.36(-1) 

1.82(-2) 

2,04 (-4 1 

6 18 (-4) 

8,13(-4) 

7.80( -5 

1,81 (-5) 

5 *00(-6) 

1#36(-1) 

la82 (-2) 

* Lines  a r e  becoming nonisolated, 
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TABLE VI1 - A (cont,) 

L FF = 10- 

5000 - 
9.66( -6) 

9,69(-5) 

2 11 ( -5  

5.86 (-6) 

2.25(-1) 

3,02 ( -2 1 

* 
Q 

Temp (OK) 

7000 - 6000 - 
7,35(-6 8,15(-6) 

7,38( -5 8 e35 (-5 

Q * 
Q 0. 12- Q 

9000 - 
1 e LO .( -5 

1 * 12(-4) 

2.42( -5 

6,74(-61 

1,59 (-1 

2 * 11 (-2 1 

Q 

J.o,ooo 
1 ,OS -5 

1.08(-4) 

2.35 (-5) 

6 3 2  (-6) 

1,45 C -1 1 

1,95 (-2 1 

* 
Q 

* Lines a re  becoming nonisolated. 
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TABLE VII-B 

Absorp t ion  C o e f f i c i e h t  a t  L i n e  C e n t e r  o f  Hydrogen L i n e s  

Transition 

B 

B 

B 

H 

H 

H 

HY 

HY 

H6 

H6 

H6 

Y H 

cy 
H 

H 

H 

H 

B 

P 

B 

HY 

HY 

HY 

H6 

6 

6 

H 

H 

10.000 

8.91(-1) 

7.10( -1) 

2.35( -1) 

1.33( -2 1 

2.43( -3) 

3.51( -3) 

3.85( -3) 

3.07 ( -3 1 

1.02(-3) 

8.00( -4 

6.37( -4 1 

2.11(-4) 

l.lO(+l) 

3.89(0) 

5.20( -1) 

2.17(-1) 

7.71(-2) 

1.04( -2 1 

5.88(-2) 

2.09 ( -2 1 

2.81(-3) 

- 
1.05(+1) 

l.lO(01 

Temp (OK)* 

12,000 16.000 20,000 

2.92( - 1) 

4.37( -3) 

1.27(-3) 

2.59( -4 1 

5.44(0) 

4.80(0) 

2.19(0) 

1.09(-1) 

9.61( -2) 

4.37(-2 1 

2.79(-2) 

2.46( -2) 

1.12(-2) 

7.78(+1) 

4.03(+1) 

6.91(0) 

1.72(0) 

1.70(0) 

1.51(0) 

3.54( -2) 

3.49( -2 1 

3.11 (-2) 

8.14(-3) 

8.04( -3) 

7.16(-3) 

2.65(+1) 

2.55(+1) 

1.88(+1) 

1.03(0) 

1.01tO) 

9.07(- 1) 

2.1%-2) 

2.13(-2) 

1.90(-2) 

4.54( -3) 

4.48(-3) 

4.00(-3) 

1.27(+1) 

1.25(+1) 

1.11(+1) 

* The bracket encloses the power of ten by which the entry should be 
multiplied. 



-3 where ho i s  i n  w ,  N2 i n  cm The g ' s  a r e  s t a t i s t i c a l  weights  a s  

before .  The p o p u l a t i o n  d e n s i t i e s  N2 i n  Eq, (34)  and Nl i n  Eq, (32) 

a r e  g iven  from s t a t i s t i c a l  mechanics a s  

S i  -Ei /kT 
Ni r - NG e 

gG 
(35) 

where NG i s  t h e  number of  atoms i n  t h e  ground s t a t e  and Ei i s  t h e  exci- 
t a t i o n  energy  of  t h e  s t a t e  i The ground s t a t e  atom d e n s i t i e s  can be 
deduced from c o n c e n t r a t i o n  c a l c u l a t i o n s  p r e s e n t e d  i n  F i g s ,  1 - 4  of t h i s  

r e p o r t ,  More r e s u l t s  of  t h i s  k i n d  a r e  shown i n  Appendix B. 

I n t e n s i t i e s  of  t h e  hydrogen l i n e s  a s  g i v e n  by Eq, (34)  a r e  

p r e s e n t e d  i n  T a b l e  VIII, 

s i t i es  v s  tempera ture ,  

and 24, 
o t h e r  l i n e s  and can no l o n g e r  be used,  
10,OOO°K a r e  becoming o p t i c a l l y  t h i c k ,  

range  from 5000°K t o  20,000°K can  b e  de te rmined  from t h e  l i n e  i n t e n s i t i e s  

p l o t t e d  i n  F i g s .  21  -24 ,  The procedure  i s  a s  f o l l o w s :  

F i g u r e s  21  and 22 a r e  p l o t s  of t h e  cesium i n t e n -  
Some hydrogen i n t e n s i t i e s  a r e  p l o t t e d  i n  F i g s .  2 3  

A t  h i g h e r  t e m p e r a t u r e s  t h a n  p l o t t e d ,  t h e  cesium lines merge i n t o  

Hydrogen l i n e s  a t  lower t h a n  
Gas t e m p e r a t u r e  throughout  t h e  

1, Determine e l e c t r o n  d e n s i t y  Ne measuring h a l f  w i d t h s  
a t  h a l f  maximum i n t e n s i t y  of t h e  l i n e s  of  Table  V and 

comparing w i t h  t h e  w i d t h s  of T a b l e  V I .  

2, The c o n c e n t r a t i o n  c u r v e s  of  F i g s .  1 - 4  of t h i s  r e p o r t  
and of  F i g s .  3, 5 ,  7 and 9 i n  Appendix B can be used 

t o  de te rmine  a f i r s t  e s t i m a t e  of t e m p e r a t u r e  from 
knowledge of t h e  e l e c t r o n  d e n s i t y ,  t o t a l  p r e s s u r e  

and seed  f r a c t i o n .  

15, OOOOK 

T h i s  i s  not  v e r y  s e n s i t i v e  above 
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3, Below about  10,OOO°K t h e  a b s o l u t e  i n t e n s i t y  of  cesium 
l i n e s  can b e  compared w i t h  F i g s ,  21  and 22 t o  d e t e r -  

mine tempera ture ,  Care must be t a k e n  t o  e n s u r e  t h a t  
the l i n e s  used a r e  o p t i c a l l y  t h i n ,  
kox must b e  less t h a n  about  0,25, The p r e l i m i n a r y  

e s t i m a t e  o f  t e m p e r a t u r e  from s t e p  2 can be used t o  

de te rmine  ko from T a b l e  VII, 

Above 10,OOO°K t h e  a b s o l u t e  i n t e n s i t y  of hydrogen 

l i n e s  can be compared w i t h  F i g s ,  23 and 24 t o  deter- 

mine tempera ture .  Care m u s t  be t a k e n  t o  i n s u r e  t h a t  

t h e  l i n e s  a r e  o p t i c a l l y  t h i n .  

The v a l u e  of  

4, 

The procedure  d e s c r i b e d  above i s  recommended a s  t h e  b e s t  s p e c t r o s c o p i c  
t e c h n i q u e  f o r  t e m p e r a t u r e  measurement, 
v e r y  s t r o n g ,  and t h e  cesium l i n e s  a r e  s t r o n g  enough t o  be observed i n  

most exper imenta l  s i t u a t i o n s ,  

The hydrogen l i n e s  i n c l u d e d  a r e  

R e l a t i v e  l i n e  i n t e n s i t y  r a t i o s  can  a l s o  b e  used t o  d e t e r -  
The t e c h n i q u e  was d e s c r i b e d  i n  t h e  l a s t  annual  r e p o r t  mine tempera ture ,  

(Appendix A )  and i s  g e n e r a l l y  well known (Ref. 16). 
t a k e n  t o  use  o n l y  l i n e s  t h a t  a r e  o p t i c a l l y  t h i n ,  
p l o t t i n g  i n t e n s i t y  r a t i o s  ( s u i t a b l y  modi f ied)  a g a i n s t  t h e  b i n d i n g  e n e r -  
g i e s  of t h e  upper  s t a t e s  involved  i n  t h e  a tomic t r a n s i t i o n ,  I t  i s  less  
s e n s i t i v e  when a p p l i e d  t o  t h e  l i n e s  of  T a b l e  V t h a n  u s i n g  a b s o l u t e  l ine  
i n t e n s i t i e s  and i s  f o r  t h i s  reason  not  recommended a s  s t r o n g l y ,  

i t  i s  s i m p l e r  e x p e r i m e n t a l l y  and i s  a procedure  t h a t  i s  o f t e n  used, 

Care m u s t  a g a i n  be 
T h i s  t e c h n i q u e  r e q u i r e s  

However, 

F i n a l l y ,  emiss ion  i n  t h e  cont inua  may a l s o  be used t o  d e t e r -  

mine tempera ture  a s  d i s c u s s e d  i n  t h e  next  paragraph.  

E. CONTINUUM EMISSION 

The a b s o r p t i o n  c o e f f i c i e n t  o f  Sec, 111, p a r t  B of  t h i s  

r e p o r t  c a n  be used i n  K i r c k o f f + s  law t o  de te rmine  t h e  emiss ion  of  t h e  
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TABLE V I 1 1  

Hydrogen Balmer Series  L ine  In t ens i t i e s  

Transition Ne 

10l6 

CY 
H 

H 
B 

HY 

H6 

CY 
H 

H 

H 

H 

H 

H 

H 

H 

CY 

CY 

CY 

B 

B 

B 

B 

HY 

HY 

HY 

HY 

H6 

6 
H 

Temp 

(OK) 

10*000 

10~000 

10,000 

10,000 

10,000 

12,000 

16 , 000 

20,000 

10,000 

12 * 000 

16,000 

201000 

lO*OOO 

12 f 000 

16 e 000 

20 * 000 

10,000 

12,000 

FF * 
10-1 - 

2.14(1) . 1,71(0) 5,67(-1) 

7,82 (0) 

4,74( 1) 

5,14(1) 

4.07 ( 1) 

1.63(2) 

1,45(1) 

1,28(1) 

5.96 (-1 1 

4.34(0) 

4,34(0) 

5.96 (0) 

5,46(0) 

2.97(0) 

2,23(0) 

* The bracket encloses the power of ten by which the entry should 
be multiplied 
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TABLE VI11 (cont,) 

Hydrogen Balmer Ser ies  L i n e  In t ens i t i e s  

Ne T r a n s i t i o n  

( cm-3) 

10l8 

CY 
- H  

H 

H 

H 

H 

H 

H 

H 

H 

CY 

CY 

CY 

P 

8 

B 

P 

Y 

HY 

HY 

HY 

H6 

H6 

H6 

H6 

Temp 

(OK) 

16 000 

20,000 

10,000 

12,000 

16*000 

20,000 

10,000 

12,000 

16,000 

20 000 

10,000 

12 t 000 

16 000 

20 t 000 

10,000 

12,000 

16,000 

20,000 

10- 

3,19(0) 

2,48(0) 

8,53( 1) 

7.93 ( 2 1 

3 *53(3) 

2,87(3) 

1,82(1) 

1,92( 2 1 

9,99( 2) 

9,01( 2 1 

6,51(0) 

7.27( 1) 

4,09(2) 

3,86(2) 

3,23(0) 

3,74(1) 

2,19(2) 

2.11(2) 

* The bracket encloses the power of  ten by which the entry should 
be multiplied, 

62 



I I I I I I 
-3 FF =IOw2 

FF=IO I 
--- 

I 1 I I 
5000 6000 7000 8000 9000 l0,OOo 

TEMF?,OK - 
3 

FIG. 21  7S1/2, n P3/2 cesium l ine  i n t e n s i t i e s  a t  Ne=1Ol5/cm and 
The d e c r e a s i n g  i n t e n s i t y  a t  h igh  t empera tu re  1016/cm3. 

i s  due t o  d e c r e a s i n g  cesium c o n c e n t r a t i o n .  
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TEMP,OK - 
FIG. 22 5D5/2,.nF cesium l ine in tens i t ies  at Ne=10 15 /cm 3 and 10 16 /cm 3 . 
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I I 

IO 

n c 
W 

3 

IO 

IO l0,OOO 12,000 14,000 16,000 18,000 20,000 
TEMP,"K- 

17 3 FIG. 23 Eydrogen l i n e  i n t ens i t i e s  a t  Ne=10 /cm and FF=1OV2. 
F o r  o t h e r  d e n s i t i e s  and seed f r a c t i o n s  refer t o  Table  VIII. 
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v) 
t c s 

lo3 
- HP - 

10,000 12,000 14,000 16,000 18,000 20,000 
TEMP, OK- 

FIG. 24 Hydrogen l i n e  i n t e n s i t i e s  a t  Ne=10 18 /cm 3 and FF=10-2. 
F o r  o t h e r  d e n s i t i e s  and seed  f r a c t i o n s  refer t o  Table  V I I I .  



plasma, The p rocedure  i s  not  s u i t a b l e  f o r  l i n e s  because  t h e  cu rves  i n  
t h i s  s e c t i o n  do not ,  show t h e  d e t a i l e d  l i n e  shape, 

l i n e s  a r e  s u i t a b l e ,  

The con t inua  between 

The power d e n s i t y  e m i t t e d  p e r  u n i t  s o l i d  a n g l e  and u n i t  fre- 
quency i n t e r v a l  from a system whose e x c i t e d  s t a t e  p o p u l a t i o n s  are  i n  equ i -  
l i b r i u m  i s  g iven  by  K i r c h o f f ' s  law a s  

j ( w , S a >  = k(v )  B(v,T)  erg/cm 3 -sec-Hz-sr 

The Planck f u n c t i o n  

(36) 

2 i s  t a b u l a t e d  i n  many p l a c e s ,  

The procedure  i s  t o  choose a convenient  f requency  i n t e r v a l  

and t o  make a n  a b s o l u t e  measurement o f  
be deduced from knowledge of  k(w) and B(v,T)  a s  a f u n c t i o n  of tem- 
p e r a t u r e ,  
range  we a r e  c o n s i d e r i n g  i s  from 1500 8 - 3000 8,  g i v i n g  ene rgy  d e n s i t i e s  
e m i t t e d  from t h e  plasma on t h e  o r d e r  o f  

j (wkQ)dv e The t empera tu re  c a n  

The most s e n s i t i v e  r e g i o n  of t h e  spectrum f o r  t h e  t empera tu re  

W/cm -sr i n  a 1 A i n t e r v a l ,  3 

R e l a t i v e  continuum measurements-that i s ,  t h e  shape of  
t h e  continuum-can a l s o  be used t o  deduce t empera tu res ,  

t h e  shape must be  compared w i t h  t h e  shape  g iven  by  t h e  
product  

I n  t h i s  c a s e  

k(w)B(w,T) 
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I 

F, SUMMARY AND CONCLUSIONS 

T h i s  s e c t i o n  has provided  d a t a  and formulae  t o  perform spec- 

t r o s c o p i c  t empera tu re  measurements of  cesium seeded h i g h  t empera tu re  hydro- 
gen gas ,  P a r t i c u l a r  l i n e s  have been s e l e c t e d  as  most s u i t a b l e  o v e r  t h e  

5000 - 20,000°K r ange ,  and t h e i r  S t a r k  broadened wid th ,  l i n e  c e n t e r  absorp-  

t i o n  c o e f f i c i e n t ,  and  emiss ion  ene rgy  d e n s i t y  have been c a l c u l a t e d ,  A 
procedure  has  been d e s c r i b e d  u s i n g  t h i s  i n f o r m a t i o n  t o  de t e rmine  tempera- 
t u e s .  Continua can  a l s o  be  used i n  c o n j u n c t i o n  w i t h  Sec, 111, p a r t  B t o  

de t e rmine  t empera tu re .  

Below 10,OOO°K t h e  cesium l i n e s  o f  T a b l e  V a r e  s u i t a b l e  
f o r  de t e rmin ing  tempera ture ,  

ove r l ap .  
t empera tu res .  
a c c u r a t e l y  and T a b l e  V I 1  can  be  used t o  check t h e  o p t i c a l  d e p t h  f o r  t h e  

pa rt i c u l a  r exper iment  a 1 a r r a  ngeme n t 

Above 10,OOO°K t h e  l i n e s  a r e  broadened and 

However, t h e  Balmer l i n e s  of  hydrogen can  be  used a t  t h e  h i g h e r  
The l i n e s  must be  o p t i c a l l y  t h i n  t o  de te rmine  t empera tu re  

I V ,  ARC JET 

The a r t - j e t  f a c i l i t y  c o n s i s t s  o f  two main components: t h e  

a rc  j e t  i t s e l f  and a b a l l a s t  r e s i s t o r .  
forward  th ree -phase  f u l l - w a v e - r e c t i f i e d  power supp ly  des igned  t o  d e l i v e r  
200 A a t  560 V i n  con t inuous  operat ion, ,  Three  37,5 kVA t r a n s f o r m e r s  a r e  

used t o  a c h i e v e  t h i s  c a p a b i l i t y .  A b lock  diagram of t h e  power supp ly  i s  
shown i n  Fig.  25, The main f e e d - c u r r e n t  s e n s o r  and t h e  low-vol tage con- 

t r o l  and i n t e r l o c k  system a r e  provided  t o  p r o t e c t  o t h e r  equipment on t h e  

l i n e  which can  f a i l  c a t a s t r o p h i c a l l y  when power i s  s h u t  o f f ,  These u n i t s  

s e n s e  t h e  pr imary  l i n e  c u r r e n t  and w i l l  s h u t  t h e  a r c  down b e f o r e  t r i p p i n g  
t h e  main b r e a k e r  when t h e  l i n e  i s  over loaded .  The rect i f ier  c o n s i s t s  o f  

s ix  250 A s i l i c o n  d iodes .  

about  5 percen t ,  
f i l t e r  s e c t i o n ,  which should  prove  adequa te  f o r  o u r  purposes ,  

S e p a r a t e  from t h i s  i s  a s t r a i g h t -  

The r i p p l e  a t  t h e  o u t p u t  of t h e  rect i f ier  i s  
T h i s  i s  reduced t o  0-5 p e r c e n t  i n  t h e  b a l l a s t  and main 

6 8  



T hyr i tes 

~ 

FIG. 

. + 
Ballast and main filter * Recfifier 

25 Block diagram o f  112 kW power supply.  
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S i n c e  t h e  supply  i s  u n r e g u l a t e d ,  a v a r i a b l e  b a l l a s t  r e s i s t o r  

i s  r e q u i r e d  t o  set t h e  c u r r e n t .  
which must be d i s s i p a t e d  i n  t h i s  r e s i s t o r p  c o n s i d e r a b l e  e f f o r t  has  gone 
i n t o  t h e  d e s i g n  i n  o r d e r  t o  keep t h e  c o s t  w i t h i n  r e a s o n a b l e  limits, 
b a l l a s t  r e s i s t o r  a s  des igned  i s  a three-decade d e v i c e  having t e n t h s ,  
u n i t s ,  and t e n s ,  I n  t u r n ,  e a c h  decade i s  made up i n  f o u r  s e c t i o n s  hav- 

i n g  t h e  v a l u e  of  one,  two, t h r e e  and f o u r ,  w i t h  a p p r o p r i a t e l y  s i z e d  
s w i t c h e s  t o  s h o r t  o u t  unnecessary  s e c t i o n s ,  The a c t u a l  r e s i s t o r s  a r e  
made from v i t r e o u s  power u n i t s  r u n  i n  w a t e r ,  

was c a l c u I a t e d  f o r  t h e  s h o r t  c i r c u i t  c a s e  a t  t h e  200 A maximum c u r r e n t ,  

To m a i n t a i n  e l e c t r i c a l  i s o l a t i o n ,  a c losed- loop  system employing d i s -  
t i l l e d  w a t e r  and a water - to-water  h e a t  exchanger  i s  used. The a c t u a l  
c o n t a i n e r  f o r  t h e  r e s i s t o r  bank i s  a p o l y e t h y l e n e  tank  measured 2 x 2  x 3  

feet which i s  f i l l e d  w i t h  33 g a l l o n s  o f  w a t e r  and 3 p i n t s  of methanol ,  

t h e  l a t t e r  t o  i n h i b i t  growth o f  a l g a e ,  
h e a t  exchanger  and pump a r e  mbunted on wheels and become 

t h e  a r c  jet  i s  mounted on a s  shown i n  F i g ,  26,  A l l  mete 
t r o l s  f o r  t h e  main supply  a r e  i n c l u d e d .  
t h e  h e a t  exchanger  from t h e  "house" l i n e s  a r e  brought  t o  i t  w i t h  f lex- 
i b l e  l i n e s ,  a s s u r i n g  t h a t  t h e  u n i t  can be moved about  t o  g e t  optimum 
placement w i t h  r e s p e c t  t o  t h e  o p t i c a l  equipment used f o r  measurements, 

Because o f  t h e  l a r g e  amount of  power 

The 

The power d i s s i p a t i o n  

T h i s  t a n k  and  I t s  a s s o c i a t e d  

Power and c o o l i n g  w a t e r  f o r  

The a r c  j e t  i t s e l f  r e p r e s e n t s  a c o n s i d e r a b l e  d e p a r t u r e  
from o u r  o r i g i n a l  d e s i g n ,  which was q u i t e  s i m i l a r  t o  t h a t  d e s c r i b e d  
by Bot t  (Ref, 17). We have a l t e r e d  t h i s  b a s i c  d e s i g n  t o  i n c o r p o r a t e  
t h e  gas-f low t e c h n i q u e s  used by M o r r i s  e t  a 1  (Ref, 18). A c lose-up 
photograph of t h e  a r c  j e t  w i t h  hoses  f o r  g a s  and c o o l i n g  w a t e r  i s  
shown i n  F ig ,  27, I n  t h i s  system t h e  ca thode  and anode a r e a s  a r e  
main ta ined  i n  an  atmosphere of argon and t h e  c e n t e r  s e c t i o n  c o n t a i n s  

t h e  t e s t  gas ,  

a i r  i s  be ing  s t u d i e d ,  s i n c e  e r o s i o n  of t h e  anode can c a u s e  u n s t a b l e  

. o p e r a t i o n  and f a i l u r e  when a i r  i s  a l lowed t o  e n t e r  t h e  anode volume, 
The manner i n  which t h e  t e s t  g a s  i s  exc luded  from t h e  e l e c t r o d e s  i s  

T h i s  i s  n e c e s s a r y  when a c h e m i c a l l y  a c t i v e  g a s  such  a s  
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FIG . 26 Photograph  of  arc  j e t  and a u x i l i a r y  equipment.  P a r t  of t h e  
The f r o n t  pane l  i s  removed t o  show t h e  h e a t  exchanger .  

s w i t c h e s  de t e rmin ing  t h e  magnitude of  t h e  b a l l a s t  r e s i s t o r  
are  "on" i n  t h e  down p o s i t i o n ,  The s ize  o f  t h e  i n d i v i d u a l  
r e s i s t o r s ,  from lef t  t o  r i g h t ,  i s  0.1, 0.2, 0.3, 0.4, 1 ,  2, 
3, 4, 10 ,  20, 30, and 40 ohms, r e s p e c t i v e l y .  Three  g a s  f l o w  
meters are  mounted on t h e  l e f t  s i d e  of  t h e  car t .  

FIG. 27  Close-up photograph of  a r c  j e t .  
movable ca thode  ( t h e  e l e c t r o d e  t o  t h e  r i g h t )  i s  i n  mechanica l  
c o n t a c t  w i t h  t h e  anode. 
- b l u e  f o r  w a t e r  i n l e t s ,  w h i t e  f o r  w a t e r  o u t l e t s ,  and g r e e n  f o r  
g a s  i n l e t s .  

Be fo re  i g n i t i o n  of  t h e  a rc  t h e  

The c o l o r  code used  on the hoses  i s  
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6 
7 
8 
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10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

ELECTRODE COOLING WATER INLET 
ELECTRODE BODY 
END VOLUME GAS INLET 
END PLATE 
TEFLON INSULATING RING 
ELECTRODE COOLING WATER OUTLET 
"0" R I N G  GAS SEALS 
COOLING WATER PASSAGES 
VIEWING PORT 
ARC PASSAGE 
ELECTRODE "0" R I N G  SEAL & GUIDE 
BASE PLATE 
ELECTRODE S UPPORT 
INSULATING ADJUSTABLE SPACER BLOCK 
TUNGSTEN ELECTRODE T I P  
END VOLUME VIEW PORT 
ELECTRODE INNER COOLING WATER TUBE 
SUPPORT PLATE 
OUTER ELECTRODE SEAL & GUIDE 
END VOLUME COOLING COILS 
NOZZLE DISC 
GAS EXHAUST PORTS 
CTR. COLUMN GAS INLET PORTS 

FIG. 28 Quarter-section schematic diagram of redesigned arc jet. 
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b e s t  d e s c r i b e d  by r e f e r e n c e  t o  F i g .  28, which i s  a q u a r t e r - s e c t i o n  sche- 

m a t i c  diagram of  t h e  a r c .  
The i n e r t  g a s  e n t e r s  t h e  ca thode  and anode volume a t  3 and i s  al lowed t o  
f i l l  t h e  chamber, l e a v i n g  a t  t h e  exhaus t  p o r t s  22 l o c a t e d  i n  t h e  a r c  discs, 

The g a s  f l o w  i s  approximate ly  1 s t a n d a r d  c u b i c  f o o t  p e r  minute,  

i s  s t a r t e d  by s h o r t i n g  t h e  ca thode  and anode t o g e t h e r  and drawing them 
a p a r t ,  

t h i s  i s  d e c r e a s e d  t o  8 ohms a s  t h e  e l e c t r o d e s  a r e  s e p a r a t e d ,  g i v i n g  a 
stable c u r r e n t  of 50 A i n  argon, After t h e  a r c  has s t a b i l i z e d  t h e  t e s t  
g a s  ( a i r  o r  n i t r o g e n )  i s  a d m i t t e d  a t  t h e  i n l e t  p o r t s  2 3  and t h e  f low i s  
i n c r e a s e d  u n t i l  t h e  spectrum i n d i c a t e s  t h a t  none of t h e  i n e r t  gas  i s  l e f t  

i n  t h e  p o r t i o n  of  t h e  a r c  column b e i n g  observed. 

n a t e s  t h e  problem of a t t a c k  a t  t h e  e l e c t r o d e s ,  s i n c e  o n l y  i n e r t  g a s  i s  
l o c a t e d  i n  t h a t  a r e a o  I f  d e s i r e d ,  t h e  a r c  can be o p e r a t e d  i n  t h e  con- 

v e n t i o n a l  manner by s e a l i n g  t h e  i n l e t  and o u t l e t  p o r t s  i n  t h e  discs and 
a l l o w i n g  t h e  g a s  t o  f l o w  i n  a t  t h e  ca thode  and exi t  a t  t h e  anode, a s  was 

done i n  t h e  low power p r o t o t y p e  a r c  j e t  which was b u i l t  d u r i n g  t h e  f i r s t  

phase of  t h e  c o n t r a c t ,  

I t  can  be seen  t h a t  t h e  a r c  j e t  i s  symmetrical .  

The a r c  

A b a l l a s t  r e s i s t o r  of 20 ohms i s  used d u r i n g  t h e  s t a r t i n g  p e r i o d ;  

T h i s  procedure  elimi- 
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SUMMARY 

T h i s  i n v e s t i g a t i o n  was under taken  i n  o r d e r  t o  deve lop  a real-time tech- 
n ique  f o r  t h e  measurement of g a s  t empera tu res  above 5000°K i n  an a i r  o r  
n i t r o g e n  plasma. 
Doppler line b roaden ing ,  l i ne  i n t e n s i t y  r a t i o s ,  l ine- to-cont inuum intensity 
r a t i o s ,  and measurement of  p a r t i c l e  d e n s i t y  w i t h  subsequent  c a l c u l a t i o n  of 
t empera tu re ,  
an a i r  plasma over  t h e  t empera tu re  r ange  from 5000oK - 24,000°K a t  l i g h t  den- 
s i t i e s  from 10 times normal d e n s i t y  t o  10-6 times normal d e n s i t y .  
were found t o  cover  t h i s  r ange  adequa te ly .  
and Doppler broadening .  
e q u i l i b r i u m  between the heavy p a r t i c l e s  and the e l ec t rons - such  as i n  shock 
t u b e s  af ter  e q u i l i b r a t i o n  h a s  t aken  p l a c e  o r  i n  e l e c t r i c a l  d i s c h a r g e s  a t  high 
p r e s s u r e s  and moderate  e l e c t r i c a l  f i e l d s - c a n  be expec ted .  The method a l s o  
f a i l s  a t  e l e c t r o n  d e n s i t i e s  below 1015 - lO16/cm3 because  of d e p a r t u r e s  from 
e q u i l i b r i u m  between the e x c i t e d - s t a t e s  and the free e l e c t r o n s .  A t  h igh  atom 
densities the e f f e c t s  of s e l f - abso rp t ion  must b e  t aken  i n t o  account .  Doppler 
line broadening  i s  a d i r ec t  measure of g a s  t empera tu re  and can be used when- 
eve r  o p t i c a l l y  t h i n  lines are a v a i l a b l e  whose shapes  a r e  dominated by the 
Doppler e f f e c t .  S t a r k  broadening  due t o  e l e c t r o n s  has  been found t o  b e  t h e  
on ly  impor t an t  competing broadening  mechanism, and is  impor tan t  on ly  above 
e l e c t r o n  d e n s i t i e s  of 1015 - l O 1 6 / ~ m ~ ~  Thus, l ine  i n t e n s i t y  r a t i o s  can be 
used a t  h igh  densit ies and Doppler broadening  a t  lower d e n s i t i e s ,  A r e a l -  
time temperature-measuring system employing these methods would use photo- 
multiplier tubes a s  d e t e c t o r s  and i n c o r p o r a t e  an independent  means of meas- 
u r i n g  e l e c t r o n  d e n s i t y ,  such a s  S t a r k  broadening  o r  two-wavelength inter- 
f e r  ome t r y  . 

The methods of t empera tu re  measurement cons ide red  were 

Each method was e v a l u a t e d  i n  terms of r a d i a t i o n  a v a i l a b l e  from 

Two methods 
These were l i n e  i n t e n s i t y  r a t i o s  

The l i n e - i n t e n s i t y - r a t i o  method i s  on ly  v a l i d  i f  
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INTRODUCTION 

The purpose of this investigation was to develop a real-time technique 
for the measurement of gas temperature above 5000°K in an air plasma over a 
wide range of densities. The specific techniques to be considered are Doppler 
line broadening, ratio of line intensities, ratio of line-to-continuum inten- 
sities, and measurement of particle density with subsequent calculation of 
temperature, Various instrumental approaches are considered, including a 
comparison of film and photomultiplier techniques, the use of microphotometry 
for spatial and time resolution, and the means of generating a laboratory 
plasma covering the desired range of temperature and density. 

One of the major efforts in this study and the one on which most of the 
others depend is the calculation of the line emission spectrum and particle 
densities in equilibrium air between 5000°K and 24,00O0K. 
each with eight total particle densities, were considered over this ran e 
The highest density considered (P/P, = 10 at 24,QQO°K) was 6.24 x 102bk3, 
while the lowest ( p / p o  = 
sets of data were obtained, each containing absolute intensities for 1584 
lines of 14 constituents over the wavelength range from 3000 A to 13,000 1 . 

Seven temperatures, 

at 5OOQOK) was 5.26 x 1013/cm3 . Thus, 56 

A literature search revealed that, although much work has been reported 
on the continuum radiation of heated air, little has been reported on line 
radiation. Recently, however, extensive oscillator strengths have been re- 
ported for the constituents of high-temperature air as well as Stark broad- 
ening parameters for these same constituents. 
were used extensively in order to calculate line radiation, Self-absorption 
of spectral lines has been shown to be important only at high densities and 
temperatures. The line intensity ratio methods have been evaluated in terms 
of four criteria considered important in making accurate measurements, 
has been shown that while the technique using lines from the same ionization 
stage of an element is useful at low temperatures, at high temperatures there 
is not a sufficient energy spread between upper excited states to provide 
adequate sensitivity for this method. 

In this study these values 

It 

Line intensity ratios for 1ines.from subsequent ionization stages of 
the same element can be used, however, as long as Saha equilibrium can be 
expected between the two levels of  ionization, The meaning o f  the temper- 
ature measured by line-intensity-ratio methods is not always clear. 
equilibrium between the free electrons and the excited states is expected, 
then line-intensity-ratio methods give the electron temperature Te . This 

, as is often the case for low- may not be equal to the gas temperature 
pressure electrical discharges or shocks w ere sufficient collisions have 
not taken place to equilibrate the various energy modes, 
applicability of these assumptions has been assessed. 
also apply to the measurement of line-to-continuum intensity ratios, 

If 

Ti 
The range of 

Such considerations 

Of the methods of temperature measurement considered, only Doppler 
line broadening yields the gas temperature directly, Thus, considerable 
effort has been expended in order to define the exact limits of applica- 
bility of this technique. Stark broadening has been found to be the only 
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impor tan t  competing l ine-broadening  mechanism. Upper limits 
have been a s s e s s e d  f o r  each  c o n s t i t u e n t ,  and Voight  p r o f i l e s  
s t r u c t e d  f o r  n i t r o g e n  t o  show t h e  e r r o r  caused  i n  assuming a 
on ly  a t  high e l e c t r o n  d e n s i t i e s .  

o f  t h e  method 
have ben con- 
Doppler shape 

Another impor tan t  mechanism which can  c a u s e  e r r o r s  i n  t h e  measured Dop- 
The importance o f  t h i s  mecha- p l e r  shape i s  t h e  e f f ec t  o f  i n s t rumen t  wid th .  

n i s m  h a s  been a s s e s s e d  by t h e  Voight  method i n  o r d e r  t o  de t e rmine  t h e  r e s o -  
l u t i o n  r equ i r emen t s  of  t h e  s p e c t r o s c o p i c  in s t rumen t s  t o  be  used i n  an e x p e r i -  
mental s t u d y  o f  Doppler-and Stark-broadened l i n e s ,  

A g e n e r a l  s tudy  o f  t h e  l i m i t a t i o n s  and advantages  o f  bo th  f i l m  and 
p h o t o m u l t i p l i e r  t echn iques  has  been made., 
were accuracy ,  time r e s o l u t i o n  c a p a b i l i t y ,  s p a t i a l  r e s o l u t i o n  c a p a b i l i t y ,  
importance o f  i n s t rumen t  e f f e c t s ,  and a p p l i c a b i l i t y  t o  real-time measurements. 
T h i s  c o n c l u s i o n  o f  t h i s  s t u d y  i s - t h a t  bo th  t echn iques  are u s e f u l  i n  a g e n e r a l  
r e s e a r c h  program, w h i l e  p h o t o m u l t i p l i e r  t echn iques  would be  used e x c l u s i v e l y  
i n  any in s t rumen t  des igned  t o  make real-time t empera tu re  measurements, 

The main concerns  o f  t h i s  s t u d y  

Work h a s  been done on non-spec t roscopic  methods which depend on t h e  
macroscopic  p r o p e r t i e s  o f  t h e  g a s  mix tu re .  
i s i n g  are t h e  measurement o f  v e l o c i t y  o f  sound changes and measurement of refrac- 
t i v e  index  changes.  
t h e  g a s  by measurement of  a b s o l u t e  i n t e n s i t i e s  o f  t h e  components. 
measurements,  a long  w i t h  t h e  measurement o f  t h e  e l e c t r o n  d e n s i t y ,  p rov ide  a 
way of checking  t h e  e q u a l i t y  o f  t h e  e l e c t r o n  and gas  t empera tu res  and t h e  
v a l i d i t y  of  o t h e r  e q u i l i b r i u m  assumptions.  

The two which appear  most prom- 

Cons ide ra t ion  was g iven  t o  measuring t h e  composi t ion o f  
These 

Two expe r imen ta l  approaches  appear  most f r u i t f u l  i n  expe r imen ta l ly  
v e r i f y i n g  t h e  c a l c u l a t i o n s .  These are t h e  w a l l - s t a b i l i z e d  arc j e t  and t h e  
e l e c t r o m a g n e t i c  T-tube. 
and ope ra t ed .  The former i s  a d e v i c e  which, i n  a i r ,  can  g e n e r a t e  a plasma 
having  arc t empera tu res  up t o  15,000°K, w h i l e  t h e  l a t t e r  i s  a type  o f  shock 
tube  c a p a b l e  o f  producing  e q u i l i b r i u m  shocks w i t h  t empera tu res  i n  excess o f  
20,000oK. With t h e s e  two d e v i c e s ,  bo th  t y p e s  o f  d e v i a t i o n s  from e q u i l i b r i u m  
d i s c u s s e d  above can b e  s t u d i e d  expe r imen ta l ly .  

P r o t o t y p e s  o f  bo th  o f  t h e s e  d i o d e s  were c o n s t r u c t e d  

TECHNICAL DISCUSS1 ON 

L ine  I n t e n s i t y  C a l c u l a t i o n s  

I n  conduct ing  a program such a s  t h i s ,  it i s  f i r s t  necessa ry  t o  d e f i n e  

which c o n t a i n s  a thermodynamic c a l c u l a t i o n  cxf t h e  composi t ion 
t h e  plasma under i n v e s t i g a t i o n .  To do t h i s ,  we have chosen t o  use  t h e  work 
o f  Gilmore,  
o f  e q u i l i b r i u m  a i r  over  t h e  t empera tu re  r ange  from 50OO0K t o  24,0W°K and a 
wide r ange  o f  d e n s i t i e s .  T h i s  c a l c u l a t i o n ,  a l though  t e n  y e a r s  o l d ,  i s  i n  
s a t i s f a c t o r y  agreement w i t h  more r e c e n t  w o r k . 2 ~ 3  
t i o n  29 d i f f e r e n t  mo lecu la r ,  a tomic  and i o n i c  s p e c i e s  as well as e l e c t r o n s ?  
The s t a n d a r d  d e n s i t y  of a i r  i s  t aken  as 1.2931 x 10-3 gm/cm3. T h i s  v a l u e  
i s  s t i l l  used i n  t h e  most r e c e n t  N a t i o n a l  Bureau o f  S t a n d a r d s  c a l c u l a t i o n s .  
Gilmore 's  work was chosen over  t h a t  o f  Moechel and Weston3 because  o f  t h e  

I t  takes i n t o  cons ide ra -  
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i n c l u s i o n  o f  a g r e a t e r  number of s p e c i e s  and more a c c u r a t e  p r e s e n t a t i o n  o f  
d a t a .  
15, OOOOK. 

~ 

The N a t i o n a l  Bureau of S tanda rds '  c a l c u l a t i o n s  ex tend  only  up t o  

The d a t a  as p r e s e n t e d  by Gilmore are i n  t a b u l a r  form. The concen t r a -  
t i o n  of each  c o n s t i t u e n t  i s  g iven  a s  t h e  number of p a r t i c l e s  per  a i r  atom 
f o r  each  t empera tu re  and d e n s i t y .  I n  o r d e r  t o  change these c o n c e n t r a t i o n s  
i n t o  p a r t i c l e s  p e r  cm3, t h e  e q u a t i o n  

has  been used ,  where I/J 
Gilmore. 
t r o s c o p i c  c a l c u l a t i o n s  and i s  necessa ry  f o r  d i r e c t  use of most i n t e n s i t y  
e q u a t i o n s .  T a b l e  1 l ists  t h e  s p e c i e s  cons ide red  and their  c o n c e n t r a t i o n s  
a t  t h e  h i g h e s t  and lowes t  t o t a l  densit ies covered by t h e  c a l c u l a t i o n .  

i s  t h e  number of p a r t i c l e s  per  a i r  atom given  by 
T h i s  manner of s t a t i n g  c o n c e n t r a t i o n  i s  much more common i n  spec-  

To c a l c u l a t e  t h e  l ine  emiss ion  spectrum o f  a g iven  system, one must 
know t h e  o s c i l l a t o r  strengths o f  a g r e a t  number of  lines of  each element, 
F o r t u n a t e l y ,  Griem'Q h a s  recently pub l i shed  a series o f  c a l c u l a t e d  absorp-  
t i o n  o s c i l l a t o r  s t r e n g t h s  u s i n g  t h e  Coulomb approximation o f  Bates and 
Damgaard. T h i s  procedure  i s  probably  a c c u r a t e  t o  20% f o r  most of t h e  ele- 
ments o f  i n t e r e s t  here, S e r i o u s  d e v i a t i o n s  from L-S coup l ing  a r e  found i n  
011 and Ar I1 , caus ing  i n a c c u r a c i e s  i n  t h e  o s c i l l a t o r  s t r e n g t h s  f o r  these i o n s .  
We have used these o s c i l l a t o r  s t r e n g t h s  e x c e p t  f o r  ArII and f o r  some t r a n s i -  
t i o n s  i n  ArI where expe r imen ta l  v a l u e s  were used i n s t e a d .  
we igh t s  and e x c i t a t i o n  e n e r g i e s  of  a l l  o f  t h e  lines are t h o s e  g iven  by Moore. 

The s t a t i s t i c a l  

3 I , i n  watts/cm -sr i s  g iven  by The emitted i n t e n s i t y ,  

gL 
3 u gu 

2 

mh 
2ne N - fLu I =  ( 2 )  

where s u b s c r i p t s  L and U r e f e r  t o  the lower and upper s a t e s ,  r e s p e c -  
t i v e l y ,  and fLu i s  t h e  a b s o r p t i o n  o s c i l l a t o r  s t r e n g t h ,  NU i s  the popu- 
l a t i o n  o f  t h e  upper s t a t e  and ( i n  e q u i l i b r i u m )  i s  g iven  by 

where N 1  i s  t h e  number d e n s i t y  of t h e  ground s t a t e  atoms and Ell i s  t h e  
ene rgy  of t h e  upper s t a t e .  
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TABLE 1 

CONSTITUENTS OF HIGH TEMPERATURE A I R  

Constituents 
C 
C+ 

N+ 
NU 
N- 

O+ 
0++ 
O+++ 

N 

O 

Ne 
Ne' 
A r  
A r +  
0- 

Ar++ 

c02 

O3 

cos 
co 

NO 
NO+ 

O; 
O2 

3 
e- 

N (Max) 
6.21( 16) 
2.32( 16) 
3.42( 20) 
7.49(19) 
4.99( 15) 
1.97( 7 )  
9.69( 19) 
1.48( 19) 

3.46( 14) 
1.14(5) 
1.03(16) 
3.51( 14)  

1 . 7 3  18) 

7.82(17) 
5.03( 17) 

4,60( 14) 

1 e 18( 14) 
4.66( 13) 
8.19( 17) 

3.79( 17) 
2.93( 17) 
2.431 17) 
4.89( 14) 

3.56( 16) 
1.77( 16) 

9.06( 19) 

N ( M i n )  

6.75(9) 
1 30( 9)  
4.00( 13) 

1 28( 10) 
8.03( -10) 

I 

1.13(13) 
6.48( 9 1 
3,41( -15) 

- x(A> 
10 , 69 1 e 40 
6,578.00 
8,680.20 

5 679.60 
4,097.30 
3,478.70 
7 , 772.00 
4,649.10 
3,759.90 
3,063.50 
6 + 402 20 
3,694.20 
8,115.30 
4,348.10 
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S u b s t i t u t i n y  t h e  v a l u e  f o r  NU i n  E q .  ( 3 )  and e v a l u a t i n g  t h e  c o n s t a n t s ,  
we o b t a i n  

u s i n g  Gilmore' s d a t a  A computer program was written f o r  c a l c u l a t i o n s  of 
and Eq .  (11, the excited s ta te  p o p u l a t i o n s  from E q .  ( 1 ,  and t h e  in tensi t ies  
of  each  line from E q .  (41 .  A l l  o f  t h e  composi t ion  d a t a ,  o s c i l l a t o r  s t r e n g t h s ,  
s t a t i s t i c a l  w e i g h t s ,  and energy l e v e l  d a t a  used i n  t h e s e  c a l c u l a t i o n s  have 
been p laced  on punch cards and a r e  a v a i l a b l e  f o r  f u t u r e  use. 

Nrj 

I n  t e n s i t y  c a l c  u l  a 
5000°K, 6000°K, 7000°K 
t empera tu re ,  densit ies 
10-6 were c o n s i d e r e d ,  

t i o n s  were performed f o r  t h e  f o l l o w i n g  t empera tu res :  
, 8000°K, 12,000°K, 18,000°K and 24,000OK. For each 

( p / p  of  10, 1, and 
O f  tge 29 c o n s t i t u e n t s  l i s ted  i n  Tab le  1, only  t h e  

Column three o f  t h i s  t ab le  g i v e s  the wave- f i r s t  1 4  emit l ine  r a d i a t i o n .  
l e n g t h  of t h e  s t r o n g e s t  line o f  each element. 
a r e  p l o t t e d  as a f u n c t i o n  of t empera tu re  f o r  each o f  t h e  d e n s i t i e s  i n  F i g s ,  

The i n t e n s i t i e s  o f  t h e s e  l i n e s  

1-8. 

Comparison of F i g .  1 w i t h  t h e  composi t ion  d a t a  r e v e a l s  some i n t e r e s t i n g  
similarities and d i f f e r e n c e s .  Most noteworthy i s  the d i f f e r e n c e  i n  t h e  
behavior  o f  t h e  i n t e n s i t y  o f  ArI and ArII. Although t h e  ArI c o n c e n t r a t i o n  
remains  r e l a t i v e l y  c o n s t a n t  overornost o f  the t empera tu re  r a n g e ,  t h e  i n t e n -  
s i t y  o f  t h e  ArI l ine a t  8115.30 A i n c r e a s e s  more than  t e n  o r d e r s  o f  magni- 
tude due  t o  t h e  t empera tu re  i n c r e a s e .  
l i n e  a t  4348.10 A i s  even more s t r i k i n g .  
t h e  i n t e n s i t y  d a t a  f o r  t h e  h igh  d e n s i t y  c a s e  and t h o s e  f o r  t h e  low dens i ty  
c a s e  shown i n  F i g .  8 i s  t h e  increase i n  t h e  i n t e n s i t y  of i o n i z e d  s p e c i e s  
r e l a t i v e  t o  n e u t r a l  s p e c i e s .  Thus,  above 14,000oK. t h e  most i n t e n s e  lirtes 
i n  t h e  spectrum are t h o s e  of NII rather t h a n  
The A r  lines show q u i t e  d i f f e r e n t  behav io r  i n  the low d e n s i t y  c a s e .  
ArI line d o e s  n o t  c o n t i n u e  t o  i n c r e a s e  w i t h  t empera tu re ,  b u t  reaches maxi- 
mum i n t e n s i t y  a t  about  11,000oK and then  b e g i n s  t o  d e c r e a s e .  The ArII l ine 
increases i n  i n t e n s i t y  up t o  about  17,000OK and then  remains n e a r l y  c o n s t a n t .  
The o v e r - a l l  i n t e n s i t y  is  much g r e a t e r  i n  t h e  h igh  dens i ty  c a s e .  
densit ies and t empera tu res  t h e  p o s s i b i l i t y  of s e l f - a b s o r p t i o n  must be con- 
sidered f o r  t h e  s t r o n g e s t  lines. 

The increase i n  i n t e n s i t y  of t h e  ArII 
The most s t r i k i n g  d i f f e r e n c e  between 

N I  as i n  t h e  high d e n s i t y  c a s e .  
Here t h e  

A t  h igh  

Although i t  i s  g e n e r a l l y  assumed t h a t  lines t h a t  do no t  t e r m i n a t e  i n  

T h i s  h a s  been done 
t h e  ground s ta te ,  a r e  f a i r l y  b road ,  and do n o t  suffer s e r i o u s l y  from s e l f -  
a b s o r p t i o n ,  t h e  assumpt ions  should always be checked. 
i n  t h e  p r e s e n t  c a s e  by t h e  f o l l o w i n g  method: 
i n t e n s i t y  o f  a s p e c t r a l  l i n e  [ I<v>]  is: 

A g e n e r a l  e q u a t i o n  f o r  t h e  
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where A and B are t h e  E i n s t e i n  emiss ion  and a b s o r p t i o n  c o e f f i c i e n t s ,  
r e s p e c t i v e l y ;  NU and NL a r e  t h e  p o p u l a t i o n s  o f  t h e  upper and lower s ta tes ;  
v i s  t h e  frequency of  t h e  l ine ;  x i s  t h e  pa th  l e n g t h ;  and S(v) i s  t h e  
shape f u n c t i o n  of  t h e  l i n e .  
t h e n ,  t o  f i r s t  o r d e r ,  t h e  o p t i c a l l y  t h i n  r e s u l t  which i s  e q u i v a l e n t  t o  E q ,  

I f  t h e  exponent i s  small w i t h  r e s p e c t  t o  u n i t y ,  

(21, 

hv NUA S ( v ) x  

411 ( 6 )  I ( v )  = 

i s  obta ined  by expans ion .  I f  t h e  exponent  i s  l a r g e ,  t h e  i n t e n s i t y  w i l l  
o b t a i n  a maximum v a l u e  

which i s  t h e  blackbody i n t e n s i t y  a t  f requency v and t h e  tempera ture  c o r -  
responding  t o  Nu/NL . 

Thus, i n  o r d e r  t o  e v a l u a t e  t h e  importance o f  s e l f - a b s o r p t i o n  it  i s  
n e c e s s a r y  t o  e v a l u a t e  t h e  magnitude o f  t h e  exponent  i n  Eq. (5). 
we approximate t h e  l i n e  shape as a s q u a r e  shape of w i d t h  
and e v a l u a t i n g  Eq .  (5) i n  terms o f  f v a l u e ,  we g e t  

To do t h i s ,  
S u b s t i t u t i n g  l/r 

hvNLBx -2 2 
4rrr = 7.13 X 10 

where Ah i s  t h e  w i d t h  i n  angstroms,  which f o r  
n i t r o g e n  i s  g i v e n  t o  a s u f f i c i e n t  approximation 

2 A fNLx 
Ah ( 8 )  

a S t a r k  broadened l ine i n  
by N,. I t  can b e  seen 

from t h i s  e q u a t i o n  t h a t  wide l i n e s  will be absorbed less t i a n  narrow ones.  
The l i n e s  which have been chosen f o r  our c o n d i t i o n s  o f  n e u t r a l  d e n s i t y ,  e l e c -  
t r o n  d e n s i t y ,  and tempera ture  a l l  have v a l u e s  f o r  t h e  exponent which i n d i c a t e  
t h a t  s e l f - a b s o r p t i o n  may b e  impor tan t  a t  
high t e m p e r a t u r e s .  
n o t  become t o o  s e v e r e .  I n  any e v e n t , a t  high tempera tures  and d e n s i t i e s ,  many 
l i n e s  of  each element  a r e  a v a i l a b l e  f o r  i n t e n s i t y  measurements. Se l f -absorp-  

p/po v a l u e s  g r e a t e r  than  u n i t y  a t  
C o r r e c t i o n s  can b e  made f o r  s e l f - a b s o r p t i o n  i f  i t  does 

t i o n  can  b e  
s t r e n g t h s .  

minimized o r  e l i m i n a t e d  b 
R e c e n t l y  C h u r c h i l l  e t  a1 

choosing l i n e s  having low o s c i l l a t o r  
have p u b l i s h e d  a b s o r p t i o n  c o e f f i c i e n t s  
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( t h e  exper iment  i n  Eq.  ( 5 ) )  of hea ted  a i r  due  t o  molecular  f r e e - f r e e  and 
free-bound c o n t r i b u t i o n s ,  However, t h e y  averaged over  photon energy  s p r e a d s  * 
of  0.10 eV, and t h u s  t h e i r  d a t a  a r e  n o t  d i rec t ly  a p p l i c a b l e  t o  t h e  p r e s e n t  
problem. 
a b s o r p t i o n  w i l l  be  o f  l i t t l e  consequence f o r  r e a s o n a b l e  p a t h  l e n g t h s .  
work i s  a l s o  based on Gilmore 's  composi t ion  d a t a . 1  

I n  g e n e r a l ,  their d a t a  i n d i c a t e  q u a n t i t a t i v e l y  t h a t  these t y p e s  o f  
T h e i r  

L i n e  I n t e n s i t y  R a t i o s  

A number of s p e c t r a l  l ines have been chosen f o r  r e l a t i v e - i n t e n s i t y  tem- 
p e r a t u r e  measurement acco rd ing  t o  t h e  fo l lowing  c r i t e r i a :  

(1) Freedom from s e l f - a b s o r p t i o n  

( 2 )  Freedom from s p e c t r a l  i n t e r f e r e n c e  
(3) S u f f i c i e n t  i n t e n s i t y  throughout  t empera tu re  

(4) 
and d e n s i t y  r a n g e  
Maximum sp read  i n  e x c i t a t i o n  energy. 

, 

I n  a d d i t i o n  t o  t h i s ,  lines have been chosen which ' l ie w i t h i n  the usefFl 
r ange  o f  p r e s e n t  day photoca thodes  and s p e c t r o s c o p i c  f i l m s  (3000 %, t o  9000A)., 

Tab le  2 g i v e s  a l i s t  o f  l ines  which a r e  s u i t a b l e  f o r  use i n  t empera tu re  
measurement. These l ines  were a l l  found t o  be  s u i t a b l y  i n t e n s e  over  a wide 
r a n g e  of d e n s i t i e s  and t empera tu res  and, w i t h i n  t h e  limits d e s c r i b e d  above, 
f r e e  from s e l f - a b s o r p t i o n .  I n  a d d i t i o n ,  t hey  are f r e e  from s p e c t r a l  inter- 
f e r e n c e  and f a l l  i n  t h e  most workable  r e g i o n  of t h e  spectrum. Even though 
these l ines appear  t o  be t h e  best acco rd ing  t o  t h e  above c r i t e r i a ,  t h i s  l i s t  
canno t  b e  cons ide red  e x h a u s t i v e .  Other  l ines may be j u s t  as good o r  b e t t e r ,  
e s p e c i a l l y  a t  h igh  t empera tu res  and d e n s i t i e s .  

Also  l i s t e d  i n  Tab le  2 a r e  t h e  upper s t a t e  e n e r g i e s  of t h e  lines. S i n c e  
the measurement of tempera ture  u s i n g  lines from t h e  same i o n i z a t i o n  s t a t e  
depends on t h e  e q u a t i o n  

E ' - E  I ' 3 'f' 

w S g f  
- 
- kT An ( 9 )  

i t  i s  obvious t h a t  a maximum sp read  i n  e x c i t a t i o n  energy  between t h e  two 
lines i s  d e s i r a b l e  t o  ach ieve  maximum accuracy  f o r  t h e  method, since a t  
E ' - E -  kT S i n c e  
t h e s e  a r e  t y p i c a l l y  30 per  cent,  a similar t empera tu re  e r r o r  can be expec ted ,  
Unfo r tuna te ly ,  f o r  an a i r  ( o r  n i t r o g e n )  plasma a t  h i g h  t empera tu re ,  t h e  l e v e l  
structure o f  t h e  atoms limits the c h o i c e  t o  lines having  e x c i t a t i o n  e n e r g i e s  
which d i f f e r  by o n l y  3 - 6  eV, S i n c e  t h e  maximum tempera tu re  be ing  cons ide red  
c w r e s p o n d s  t o m 2  eV, i t  can be seen t h a t  t h e  e r r o r  i n  t h e  o s c i l l a t o r  s t r e n g t h s  
w i l l  s e v e r e i y  l i m i t  t h e  accuracy  o f  t h e  technique .  The l i n e s  l i s t e d  i n  Tab le  2 
r e p r e s e n t  t h e  best energy  s p r e a d s  a v a i l a b l e  c o n s i s t e n t  w i t h  t h e  o t h e r  c r i te r ia .  

t h e  e r r o r s  i n  t h e  o s c i l l a t o r  s t r e n g t h s  become impor t an t .  
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Species 

NT 

NII 

01 

01 I 

A r  I 

ArII 

Table 29 

Lines Suitable f o r  In tens i ty  Ratio Temperature Measurements 

Wavei ength 
A 

8686.1 
8683.4 
6008.5 
8567.7 
5747.4 
5752.6 

5351.2 
6888.7 
4677.9 

4530.4 

W06.9 
5679.6 
5676 .O 

7772.0 
9266.0 
7952.2 
5404 -9 

4649.1 

8014-8 
4259-4 

4420-9 
4013.9 
3249.8 
3 5 5 9 s  
3350.9 
3026.8 

Upper 
S t a t e  Term 

3p4D0 

3p4D0 

4da p 
3pa P O  

7s4 P 
5deP 

3 6  P 
3ds P 

4fyD 

4f;G 
4s'P0 

3P D 
3PD 

3pP 

36 DO 
3pf3F 
5d93G 

3p4D0 

4p3 
5p10 

4p4P0 

4p4D0 
4d4 P 

4daF 
4dSaF 
4dtaS 

EL 
eV 

E, 
e V  

11.70 10.28 
11.71 10.29 
13.61 11.55 
12.07 10.63 
14.09 11.94 
13.94 11.79 

30.15 27.84 

38.15 28.36 
26.11 23.47 
26-10 23.36 
24.43 20.32 
20.58 18,40 
20.56 18.38 

10.69 9.11 
12.03 10-69 
14.04 12-49 
16.32 14.04 

25.55 22.90 

13.04 11.50 
14-67 11.78 

19.18 16.39 
19.41 16.34 
23.02 19.22 
23.06 19.60 
24.72 21-04 
25.34 21.26 

Effective Principal 
Quantum Number 

(n*) 

Oscillator 
Strength 

( f L "  

2.21 

2.21 
3.94 
2-37 
5.84 
4.92 

- 
- 
4.01 
4 .OO 
3.28 
2-48 
2.46 

2.18 
2.98 
- 
- 

2.40 

2-27 

3-15 

2.56 
2.59 
3.48 

3.50 
4.43 
5-91 

0.242 
0.324 
0.039 
0.118 
0.00117 
0.00185 

0.120 

0.282 
1 *I013 

0.909 
0,073 
0.357 
0.424 

0.432 
0.685 
0,435 
0.0129 

0.353 

0.076 

0,00521 

0 -00869 

0,168 
0.203 

0.162 
0.0801 
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T h i s  d i f f i c u l t y  i s  f u r t h e r  shown i n  F ig .  9 ,  which i s  a p l o t  o f  t h e  i n t e n s i t y  
r a t i o s  o f  several o f  t h e  l i n e s  as a f u n c t i o n  o f  temperature. Since t h e  
energy  sp read  f o r  t h e  oxygen atom l i n e s  i s  greatest ,  t h e  r a t i o  o f  t h e s e  
l i n e s  shows t h e  g r e a t e s t  change w i t h  t empera tu re ,  
t h e  i n t e n s i t y  r a t i o  o f  NII 5679.6/NI 8683.4 x Ne. 
est  s e n s i t i v i t y  t o  t empera tu re ,  s i n c e  t h e  d i f f e r e n c e  i n  e x c i t a t i o n  energy  
between t h e s e  l i n e s  i s  23.41 eV. The r a t i o  o f  i n t e n s i t i e s  o f  lines from sub- 
sequen t  i o n i z a t i o n  s ta tes  i s  r e l a t e d  t o  t h e  t empera tu re  by 

b 

Also  shown i n  F ig .  9 i s  
T h i s  r a t i o  shows t h e  g r e a t -  

[- E* + E - E - 
' (10) 

m 
2 2 /  \3/2 f O g > A  3 I '  1.17 x 10 1 

kT 03 exp I - -  - 
I Ne \18,000/ f g h  

where E, i s  t h e  i o n i z a t i o n  energy  and AE, i s  t h e  lower ing  of  t h e  ion iza -  
t i o n  energy,  De te rmina t ion  of  t empera tu re  by t h i s  t echn ique  requires t h e  
measurement o f  two i n t e n s i t i e s  and t h e  e l e c t r o n  d e n s i t y .  
s i t y  can  be  measured by measuring t h e  S t a r k  wid th  o f  NII 3006 A. 
l i b r i u m  c a l c u l a t i o n s  a g r e e  w i t h  Eq. (10) t o  better than  10 per  c e n t .  The 
method i s  u s a b l e  as long  as t h e  Saha e q u a t i o n  i s  r i g o r o u s l y  obeyed. 

The Z l e c t r o n  den- 
The equi -  

Each o f  t h e  c u r v e s  i n  F ig .  9 i s  marked w i t h  s e v e r a l  a r rows  w i t h  a nbm- 
b e r  b e s i d e  each. These numbers are p/po va lues .  The a r row l o c a t i o n s  for 
each  p / p  
because  of i n s u f f i c i e n t  i n t e n s i t y .  
l i m i t  a t  p / p o = 1 0  i s  about  6400°K, w h i l e  a t  p / ~ ~ = l O - ~  t h e  c u t o f f  i s  
9300OK. These v a l u e s  were a r r i v e d  a t  by assuming t h a t  below i n t e n s i t i e s  of  
0.1 ,W/cm3 sr ,  q u a n t i t a t i v e  measurements could  n o t  b e  made. This  f i g u r e  
was a r r i v e d  a t  through a b s o l u t e  i n t e n s i t y  measurements r e p o r t e d  i n  t h e  l it- 
e r a t u r e O 7  However,, i t  must b e  cons ide red  on ly  approximate s i n c e  o p t i c a l  
systems vary  g r e a t l y .  The l i n e s  d i s c u s s e d  he re ,  a l though r e p r e s e n t a t i v e  
o f  t h e  most f a v o r a b l e  c i r cums tances ,  are no t  t h e  on ly  ones a v a i l a b l e  f o r  
use.  Many o t h e r  l ines  o f  each atom o r  ion  are a v a i l a b l e .  Those g iven  h e r e  
are i l l u s t r a t i v e  of t h e  g e n e r a l  s i t u a t i o n  which o b t a i n s  i n  t h i s  plasma. 

d e n o t e  t h e  t empera tu res  below which t h e s e  l i n e s  cannot  be  used 
Thus,  f o r  01 7772.2/01 5404.9, the lower 

S e v e r a l  c o n d i t i o n s  must  be met i f  l i n e  i n t e n s i t y  r a t io s  o r  l i n e - t o -  
coiitinuum i n t e n s i t y  r a t i o s  are  t o  be used f o r  g a s  t empera tu re  measurements. 
The most s t r i n g e n t  c o n d i t i o n  i s  t h a t  t h e  e l e c t r o n  and gas  temperaturesmust  be 
equa l .  
such a s  i n  arcs a t  o r  n e a r  a tmosphe r i c  p r e s s u r e  wi th  low e l ec t r i c  f i e l d s  o r  
i n  shocks under c e r t a i n  c o n d i t i o n s .  Another i s  t h a t  t h e  free e l e c t r o n s  and 
t h e  excited s ta tes  be ing  s tud ied  m u s t  be i n  e q u i l i b r i u m .  
e r a l l y  be t rue  f o r  s t a t e s  of h igh  p r i n c i p a l  quantum number ( n )  a t  h igh  
e l e c t r o n  d e n s i t i e s ,  b u t  a s  n and Ne d e c r e a s e  t h e  r a t e s  of popu la t ion  and 
depopu la t ion  f o r  t h e  excited s t a t e s  become unequal  and t h e  r e l a t i v e  l i n e  in-  
t e n s i t i e s  no longe r  g i v e  t h e  e l e c t r o n  tempera ture .  F o r  hydrogenic  atoms and 
i o n s ,  t h e  lowes t  e l e c t r o n  d e n s i t y  f o r  which e q u i l i b r i u m  w i l l  be found i s  
g iven  by Griem4 (Eq. 6-55) as 

T h i s  can o n l y  be achieved  under  c o n t r o l l e d  exper imenta l  c o n d i t i o n s  

T h i s  w i l l  gen- 

10 



#El-- kl 
z a z o  

0 

In 
0 P 

19 



7 18 z N e 2 7 x 1 0  -- 17/2 ( - z:iH ) ' 
n 
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+ 

where z is the number of effective charges, EH is the ionization energy 
of hydrogen, and n is the principal quantum number (hydrogenic). The 
effective hydrogenic quantum numbers for the states listed in Table 1 show 
a minimum value of 2.2 
above it and with the free electrons, the elgctron density (at 2 eV) must be 
2 5 x 1016 ., 
only 2 x 1014 would be required at this temperature. 
strictly valid only for hydrogenic atoms, and the atoms of an air plasma do 
not fulfill this requirement. Detailed calculations have recently been car- 
ried out by Kulander8? who indicates that at 20,0OO0K an electron densit 
of H 1018/cm3 would be required for complete equilibrium between the 3 P 4 d  
level of nitrogen and the free electrons. However, Kulander's assumption 
that the plasma is optically thin at all frequencies does not appear to be 
justified. 
lower states in equilibrium and decrease the density limit at which relative 
excited-state populations will correspond to the electron temperature, The 
importance of this phenomenon has recently been shown (for cesium) by Norcross 
and Stone.9 Thus, the lower density given by the hydrogenic calculations is 
probably a better approximation than the more rigorous but incomplete work 
of Mulander. It is obvious that considerably more work is required in such 
calculations for air constituents before pricise predictions can be made. 

For this state to be in equilibrium with all states 

For higher lying states, say n = 3 an electron density of 
These figures are 

Self-absorption of resonance radiation will tend to keep the 

Line-to-Continuum Intensities 

The fundamental problems which are encountered in using line intensity 
ratios for temperature measurement are also found when line-to-continuum 
intensity ratios are used. Griem4 (p. 279) has stated that the method is 
restricted to ure gases, mainly hydrogen and helium. Recently, however, 
Morris et al. l8 have experimentally measured the temperature dependence of 
the continuum radiation of oxygen and nitrogen at 4348 A and 4955 a , 
respectively, over the temperature range from 9000 to 14,000°K . 
was used for these observations. 
absolute intensities of the NI 4935 8 and 01 4368 8 
these lines were optically thin and local thermodynamic equilibrium prevailed 
at all but the lr,west temperatures, Application of their results in a pro- 
gram comparing various methods of temperature measurement should prove inter- 
esting. 
applicability in an air plasma, 
as the ion/atom line intensity ratios discussed previously. 
interpretation is much more difficult, it offers no advantage over the line 
intensity method. 

An arc jet 

They found that 
They measured temperatures by measuring 

lines. 

More work appears to be necessary before the method is of general 
The method covers the same temperature region 

Since theoretical 

Doppler Broadening 

Of the methods of  temperature measurement consiaered here, this is the 
I't appears then that only one which measures the gas temperature directly- 

this method offers the most promise in the region in which it can be used. 
The task which has been undertaken is the definition of the range of utility, 
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considering such things as competing broadening mechanisms, useful intensities, 
and instrumental bandpass requirements. 
the temperature and density range of primary interest here, the only important 
competing broadening mechanism which will be encountered is Stark broadening 
due to electrons. Ion broadening is generally negligible. Thus, the upper 
limit of Doppler temperature measurements will be determined by the electron 
density at which Stark broadening dominates the profile, 
be determined by the intensity at which the line becomes too weak for quan- 
titative intensity measurements. 

Fort the conditions encountered in 

The lower limit will 

3 The cutoff value chosen for the intensity ratio measurements (loe7 W/cm -sr) 
was also used here. 

To calculate Doppler widths for all of the lines, the equation 

was plotted for each constituent of importance. In this equation wD is 
the Doppler (half-half1 width, h 
M is the mass of the atom, The plots of wD/X vs. T are shown in Fig.10 
for thefive monatomic constituents which make up an air plasma. 
broadening calculations were made using the parameters given by Griem4 
The (half) half-width for Stark broadeded lines is given by 

the wavelength at the line center, and 

Stark 

wS [1 + 1.75 a (1 - 0.75 r)]w ( 13) 

where 
e 2 % 1/6 mean interparticle distance - 

r =  Debye distance -(47CokT ] Ne 

This quantity (r) i s  negligible for our conditions. Values of w and CY 
the ion broadening parameter, are given by Griem for many lines of interest 
to us  over the temperature range from 2500 to 80,000°K . For most of these 
lines a is also negligible and we can conclude that ws MW, i.e., the 
Stark halfwidth is determined solely by electron effects. This simplifies 
the calculation considerably, since w scales directly with the electron 
density. 
for the N I  line at 4254.70 A. This raph shows that Doppler broadening 

broadening is the dominant factor. 
range which can be expected for the plasma which we have considered. 
is obvious that in the high density case, Doppler line widths cannot be 
used to measure gas temperature except at very low temperatures, 
low density case, however, the electron density never exceeds 1.06 x 1014/cm3 
and this technique is useful throughout the entire temperature range, 
insensitive behavior of the Doppler width with temperature as shown in 
Fig. 11 is also of interest, The half width only varies from 0.029 8 
5000°K to 0,075 8 at 20,000°K , For this line, an instrument having a 
bandpass of at least 0.003 8 would be required in order that no instrument 
corrections need be made. 

Qualitative resultsoof these calculations are sbown in Fig. 11 

dominates the line shape for Ne S 10 18 /cm 3 . Above this value, Stark 
Figure 12 indicates the electron density 

It 
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at 
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Figure 10 Curves of w ~ / h  vs gas temperature for f i v e  
monatomic constituents o f  an a i r  plasma. 
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Figure 11 (Hal f )  h a l f  wigths for  Doppler and Stark broadening 
o f  NI 4254.70 A a s  a funct ion o f  temperature. 
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low p a r t i c l e  d e n s i t y  as a f u n c t i o n  o f  t empera ture .  



?. 
In order to assess the exact error due to competing broadening mechanisms, 

Voight profiles were constructed for several lines. 
written which allows the construction of a line profile for any line broadened by 
two mechanisms - one of which has a Gaussian profile (Doppler) and the other a 
dispersion profile (Stark). 
given by Van de Holst and Reesinck.ll Lines of given Gaussian widths and dis- 
persion widths can then be folded together to give resultant profiles. 
deviation of the haswidth from the pure Gaussian half-width will give a temperature 
with an error twice that of the half-width error. 
in Figs. 13, 14, 15, and 16. Figure 13 gives plots of the (half) half-widths of 
the nitrogen line at 8680.2 .% for Doppler broadening and for Stark broadening at 
three values of electron density. Figures 14, 15 and 16 are the resultant profiles 
of this line at 10,OOO°K. Figure 15 represents the situation at Ne = 1.35 x 
1015/cm3, the point where W/WS = 13.2. 
0.166 1 and the full Stark half-width is 0.0126 A. The resultant profilg given 
by the solid line has a nearly Gaussian shape and a half-width of 0.172 A, 
leads to an error of 3.6 percent in the width and a corresponding error of 7.2 
percent in the temperature. 
becomes very large, 
(y~/ws = 3.42). 
a temperature error of 31 percent. 
sity, corresponding to a mixture of dispersion and Gaussian profiles. 
situation is illustrated in Fig. 16. In this case the Stark width is 0.094 A 
CW,/WS = 1.88). 
in the half-width leads to a temperature error of 64 percent. 
are normalized to unit integrated intensity. 
used here because it represents the most favorable case for Doppler broadening, 
monatomic nitrogen being the lightest species found in this plasma. 

A computer program was 

This method uses the tabulation of Voight functions 

The resultant 

Illustrations of this are given 

Here tke full Doppler half-width is 

This 

the erroi As the electron density becomes greater, 
Figure 15 shows the case where the Stark width is 0.0492 

Here the resultant profile has a half-width of 0.192 1, giving 
The profile is seen to have strong wing inten- 

The eztreme 

All of these curves 
The resultant profile is more nearly pure dispersion and the error 

This nitrogen atomic line has been 

From this type of consideration, the upper density cutoff for Doppler broad- 
ening was taken as the point where the Stark width is about 10 percent of the 
Doppler width. The result of these considerations is shown in Fig. 17, These 
are curves of equilibrium electron density vs. gas temperature for the gas density 
of interest here. 
electron density at which the Stark width is 10 percent of the Roppler width for 
the most intense line of each species indicated. 
which has the greatest Doppler-to-Stark-width ratio. 
have the highest cutoff because of their generally lower Stark widths. 
intensity considerations limit their use over a wide range. 
the two cases illustrated by the dashed lines. 
the region of temperaiure and electron densities overDwhich Doppler widths of 
nitrogen (NI 8680.20 AI and nitrogen ion (NII 5679.6 A) lines can be used for gas 
temperature measurements. The horizontal lines are the WD =lo ws cutoff as 
before, while the curved lines are the intensity cutoff. The nitrogen ion case 
is the most favorable of all species for reasons of intensity, but can only be 
used above lO,OOO% - 12,000°K at electron densities below 1 x 1016/cm3. 
nitrogen atomic line can be used down to 50OOOK - 6000°K , but only at electron 
densities below 2 x 1015/cm3. 
the atomic line, indicated by the diagonal line at the right-hand side of the plot. 

The horizontal lines at the side of the plot indicate the 

This is generally the line 
It can be seen that ion lines 

However, 
This is indicated by 

The area inside the lines indicates 

The 

There is also an upper limit intensity cutoff for 

It is clear from the above discussion that selection of %/ws w 10 as the 

However, this cutoff is realistic 
cutoff point is somewhat severe, since corrections can be made when Stark 
broadening is the only competing mechanism. 
when the measurement is to be made automatically because the exact nature of the 
competing broadening mechanism may not be clear and corrections may be difficult. 
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N - ~8680.2 i 

0 1  

Txld3,0K 

Figure 1 3  (Half )  h a l f  widths f o r  Doppler broadening and Stark 
broadening a t  three  e l e c t r o n  G e n s i t i e s  as a funct ion 
o f  temperature f o r  NI 8680.2 A .  
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- DOPPLER 8 STARK -- DOPPLER ONLY 

N - =8680.2 
T = 10,000 OK 

ne= I 3 5  x IO l5 

Figure 1 4  P r o f i l e s  for  NI 8680.2 a t  10,OOO°K. 
Doppler p r o f i l e .  S o l i d  l i n e  i s  r e s u l t a n t  p r o f i l e  when 
a Stark shape having a width corresponding t o  an elec- 
tron d e n s i t y  o f  1 .35  X 1015/cm3 i s  fo lded  with the  
Doppler shape. 

Dashed l i n e  i s  



1.5 -I 

Figure 15 Profiles of NI 8680.2 a t  10,OOO°K. Same as Fig, 14 
except Stark w i d t h  corresponds t o  ne=5.25 X 1015/~rn3~ 

28 



16 3 
Figure 16 Same as F i g .  14 except ne = 1.00 X 10 /cm . 
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Another possible form of broadening is that due to instrumental bandpass. 
The degree of distortion of the Doppler line profile due to this mechanism can 
be determined and corrected for in a manner similar to that used when Stark 
broadening is present. Analysis shows that a slit function of triangular form can 
be approximated by a Gaussian function to an accuracy of about four percent. Using 
the Voight method,ll the Doppler width and the instrument width fold together as 

uo = 2CwD = 0.232 S( X) 2 %  I 

where w is the whole half-width of the observed line, w is the true Doppler 
half-half width, and S(X) is the spectral slit width of t!e instrument (equal 
to the reciprocal linear dispersion at the exit slit in l / m m  times the physical 
slit width in mm).. This equation is plotted in Fig. 18 for various values of the 
spectral slit width. These values are typical of modern commerckally available 
spectrometers. For a true Doppler (ha1f;half) width of 0.10 1, corresponding to 
a temperature of 14,000% for NI 8680.2 A (see Fig. 131, a full spectral slit 
width of 0.10 1 would result in an observed profile of 0.22 1 (ful1;halfI or 0.11 b; 
(half-half). This corresponds to an apparent temperature of 17,000 K, giving an 
error of 21.4 percent. 
Gaussian shapes results in another Gaussian shape, this effect can be corrected 
easily as long as the true width is an appreciable fraction of the instrument width. 
The slit function can be accurately measured by canning a line width has a width 
which is  small compared to the slit width. Such lines are found in low pressure 
gas discharges. 

Fortunately because the folding together of the two 

Figure 18 is also useful in selecting a spectrometer for use in making line 
broadening measurements so as to minimize the effect of instrumental broadening. 
For the nitrogen line mentioned above, the minimum Doppler width to be measured 
i s  0.059 A at 500OOK. 
spectral slit width of 0.05 1 could be used if the correctigns described above 
can be made. If an instrument having a slit width of 0.01 A were available, no 
correctiw would be necessary because the curve for 0.01 A is coincident with the 
dashed curve for an infinitely narrow slit at this Doppler width. 
Stark broadening corrections could be made accurately within the limits discussed 
previously. 

Figure 18 shows that at this width an instrument with a full 

In this case, 

Measurement of Particle Density with Subsequent Calculation of Temperature 

This method of temperature measurement is comprised of some of the other 
methods discussed in previous sections, 
ratios for temperature measurement depends on Saha equilibrium between the two 
ionization stages. 
ion and atom populations, related by 

For example, the use of  line intensity 

The quantity which is actually measured is the ratio of the 

where U+ and Uo are the partition functions for the ion and atom, 
respectively, and the other symbols have their usual meanings, 
air plasma consisting of oxygen, nitrogen, carbon, and rare gases, a 

For an 
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F i g u r e  18 Doppler wid th  v s  observed wid th  f o r  v a r i o u s  v a l u e s  of 
s p e c t r a l  s l i t  wid th  assuming a t r i a n g u l a r  s l i t  f u n c t i o n .  
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number of simultaneous equations must be solved. 
for each constituent, the known relative abundances, and the particle and 
charge balance equations. When Tg = Te competing equations similar to 
Eq. (41 can be solved. 
density and the absolute intensity of one optically thin line of each species. 
In an air plasma of the composition considered here, the method is cumbersome 
but can be used with relative ease in one or two component plasmas to check 
the existence of thermal equilibrium. 

These are the Saha equations 

In this case it is necessary to measure the electron 

The importance of measuring electron densities is clear in establishing 
the existence of equilibrium. 
Ramsdenlz, optical interferometry can be a valuable tool in determining the 
electron density in a plasma. 
and proportional to the square of the wavelength at which the observations 
are made, and the refractivity of the atomic and molecular components is 
positive and nearly independent of wavelength? simultaneous measurements at 
two wavelengths can be used to separate the electron contribution from that 
of the atomic and molecular constituents. 
fashion can then be used in solving the equations discussed above. 
be a particularly valuable tool in regimes where Stark broadening cannot be 
used to make these measurements. 

As has been shown recently by McLean and 

Since the refractivity of electrons is negative 

The density measured in this 
This can 

Relative Merits of Film and Photomultiplier Techniques 

In this section the inherent advantages and disadvantages of both film 
and photomultiplier techniques are discussed, as are their application t o  
real time and time resolved measurements at the wavelengths of  interest in 
the study. Excellent reviews of this subject are to be found in Sawyer's 
bookl3 and the article by Turner.14 

Photographic films and plates still are the most widely used detectors 
for spectroscopy in the visible and ultraviolet portions of the spectrum. 
However, many factors inherent in the photographic process make this detector 
undesirable for quantitative measurements, particularly where real-time 
results are needed. The basic limitation of the photographic process is 
in the non-linearity of response. This response is given by the well-known 
H and D curve or the D log E curve. 
minimum exposure exists,below which no blackening of the photographic plate 
is observed. Above this point, there is a straight line portion where the 
density and the log of the exposure are related in an approximately straight- 
line manner. 
no longer increases the density: this point is called the saturation density, 
Thus quantitative measurements are limited to the straight-line portion of 
the curve, severely restricting the dynamic range of the film. This limit- 
ation can be obviated to some degree by the use of neutral density filters 
in the case of high intensity sources, or the use of long exposure times 
for low density sources in steady state. If the H and D curves were re- 
producible for each emulsion, the non-linearity and low dynamic range 
would be relatively minor problems. 
strongly sensitive to the type of developer used, the developer temperature 
and the development time, and even varies from plate to plate within the 

From these curves it is found that a 

At high exposures there is a point where an increase in exposure 

However,the shape of the curve is 
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same emulsion type due to variations in emulsion thickness, etc. 
maximum accuracy it is important that provision be made for calibration of 
each plate or film in the wavelength range of interest, 
plished by focusing a suitable source such as a tungsten strip lamp or an 
iron arc onto the slit of the spectrograph so that the slit is uniformly 
illuminated at all points. A rotating step sector or step filter is then 
used to reduce the exposure in known steps, 
is 1,585, 
measured with a microphotometer) versus the relative exposure from the step 
factor; i.e., the ratio of densitometer readings of two adjacent steps is 
known to be equivalent to a change in expsoure of 1.585. Several points 
of varying density are measured and the complete characteristic curve of 
the emulsion is constructed. The desired lines are then photometered and 
their intensities are reduced to exposure through use of this curve. 

Thus, ‘for 

This can be accom- 
~ 

Usually the difference in steps 
It is then possible to construct a curve of density (which is 

One major source of error in film spectroscopy i s  the Eberhard effect. 
This effect manifests itself as an abnormally light area adjacent to a 
dark area such as a spectral line. 
depletion of developer in the dark area. 
agitation of the developing tray, but is never completely eliminated and 
is often the limiting factor in the accuracy of photographic techniques. 

The Eberhard effect arises from local 
It can be minimized by constant 

Another major difficulty which is especially important for short dura- 
tion sources is failure of the reciprocity law, 
that the total energy received by the film is equal to the product of 
incident radiant flux and the exposure time. 
seconds) or very short (10-5 to 10-6 second) exposure this law no longer 
holds. 
an exposure time approximately equal to that of the discharge being studied, 
as has beeit done by Bronfin et a d 5  

The reciprocity law states 

For very long (lo2 to 10 

This problem can be alleviated by using a calibrating source having 

It is obvious from this brief discussion that in processing films 
extreme care must be taken to obtain quantitative intensity information. 
Because of this, the time required to obtain quantitative data is long 
compared to that required when photomultiplier detectors are employed. 
Gse t o  two hours must be considered a minimum time for the processing, 
densitometry,and data reduction required for spectroscopic temperature 
measurements by any technique. Thus, real time measurements using films 
are not feasible, 
PolarGid type films, calibration and data reduction still require con- 
siderable time. Films are, however, unexcelled in qualitative applications, 
Wavelengths can be measured within an accuracy of 0.05 8 or better using 
a spectrograph of moderate dispersion (11 8/mm). In addition, all of the 
spectral features are recorded simultaneously, so that temporal variations 
in the plasma are averaged equally for all lines, bands, and continua, 
This, along with the fact that a wide range of the spectrum is covered in 
a single exposure, make tne film spectrograph ideal €or survey work, 
gross features of  the spectrum are observed, lines can be chosen for 
quantitative intensity measurement and/or line broadening measurement, 
and unexpected features such as the present of impurities are revealed. 
In this laboratory a 1.5 meter Wadsworth spectrograph is used for this 
type of work. 

Even if the processing time can be eliminated by use of 

The 

This instrument covers the wavelength range from 4200 1 - 

34 



9000 1 (first order) and has a reciprocal linear dispersion of 10,8 8 / m m .  
This makes it ideal for survey work, but because of the difficulties out- 
lined above this instrument is never used for quantitative intensity measure- 
ments. 

Time resolution for film spectrographs can be accomplished in two ways: 
either by use of a high speed shutter (such as a Kerr cell) or a streak 
camera in place of the stationary film. The former technique is presently 
used in this laboratory. With this device, exposure times as short as 0.5 
ns can be obtained. One limitation the Kerr cell shutter has is its 
inability to operate in the ultraviolet portion of the spectrum, caused by 
the high bias voltages required and the low transmission of nitrobenzene 
(the fluid used in the cell) in the ultraviolet region. 
is the relatively low rejection ratio; i.e., the open-closed transmission 
ratio. 
extremely bright sources unless another shutter is used to reject most of 
the unwanted light. 
need not be discussed here.16 
the time dependent behavior of the spectrum and can achieve time resolutions 
of 0.5 ~ s .  
in shock tube spectroscopy, but largely for qualitative and not quantitative 
measurements. 

Another limitation 

This ratio is typically 1000 and can lead to erroneous results for 

The theory of the Kerr cell shutter is well known and 
Streak cameras have the advantage of giving 

These devices have been used successfully by many laboratories 

The photomultiplier tube is a flux sensitive device, and when short 
time constant electronics are used a time resolution of 0.01 lJlscan be easily 
obtained. 
us to take advantage of its time resolution capability. 
be done with film as the detector because of the low light levels associated 
with exposures of microseconds or less. In the case of steady state plasmas, 
amplifiers having response times of one or two seconds can be used to average 
out high frequency fluctuations. 
advantage of linear response over almost all of its operating range. This 
greatly simplifies the task of data reduction since time-consuming response 
calibrations are not necessary, A single calibration with a standard lamp, 
with infrequent periodic rechecks, is sufficient in most applications. 
Since the photomultiplier tube is a transducer which converts radiant energy 
t o  an electrical signal, its advantages for real time measurements are obvious. 
The intensity ratio of two lines can be measured nearly instantaneously and 
converted to a temperature automatically, 
made using several photomultipliers spaced at known intervals from the line 
center and Voight profiles constructed by use of a computer. 
any real-time measurement system will ultimately use photomultiplier tubes 
as detectors. However, an experimental research program devoted to deter- 
mining the proper lines for use in these measurements will make judicious 
use of both film and photomultiplier techniques as outlined here. 

The much greater sensitivity of the photomultiplier tube allows 
Often this cannot 

In addition, the photomultiplier has the 

Line width measurements can be 

It is clear that 

Experimental Approach 

Two experimental devices, the arc jet and the electromagnetic shock  
tube, are necessary for complete experimental verification of  the calcula- 
tions made in this study, The arc jet is a highly reproducible, cylindri- 
cally symmetric source of high temperature lines, bands, and continua . 
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This device operates at high power levels in a&r (typically 0 kWl and is= 
capable of producing temperatures of 10-15,000 K over apressure range from 
0.1 - 1 atmosphere. A schematic diagram is shown in Fig, 19. An interesting 4 

feature of this type of discharge is the inequality between the gas and 
electron temperature. 

As has been pointed out by Lochte-H~ltgreven~~ there will always be a 
difference between the electron and the gas temperature because the electrons 
are gaining energy from the electric field. This difference is given by: 

where M and m are the masses of  the gas and electron, respectively; A is 
the electron mean-free-path, and E is the electric field strength. 

The temperature difference is proportional to the square of  the electric 
field strength and the mean-free-path. 
quite high, a real difference can exist between T ,  and T even at atmos- 
pheric pressure, 
very large differences can exist. Consequently, this instrument should 
prove valuable in determining the error in equating gas and electron temper- 
atures, 

Since the electric fields can be 

At lower pressures, where the mean-free-pa?h becomes long, 

A layout of the electromagnetic T-tube is shown in Fig. 20 along with 
the required circuitry (except for the charging supply), 
auxiliary spark across the switch, the trigger circuit (2)  allows the switch 
( 4 ,  7) to be broken down at any desired voltage less than the breakdown 
potential of the switch. 
magnetic fields creates a shock which propagates down the tube ( 8 ) .  
reflected shock is a homogeneous layer of  high temperature gas. 
has many of the same characteristics as the conventional diaphragm-type 
shock tube, but has the advantages of being simpler in construction and easier 
to operate, 
as in diaphragm shock tubes because the shock produced has many of the 
characteristics of a blast wave rather than a time shock. This is unimportant 
for this investigation, however, 
equilibrium at low pressures (0.1 - 10 torr) at temperatures up to 20,000°K. 
This range complements the higher pressure plasma produced by the arc jet 
and provides a medium for studying the methods of temperature measurement 
where equality between T and Te can be expected. 4 

By creating an 

The energy stored in the capacitor with the induced 
The 

The T-tube 

It is not possible t o  calculate the temperature and densities 

The plasma produced in this device is in 

Both of these devices are presently under construction, a s  is the 
necessary instrumentation for studying the methods of temperature measurement 
outlined in the previous sections. 
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Figure 19 Schematic diagram of wall s tab i l i zed  arc jet .  

L - CATHODE WATER OUTLET r 
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, 

1 .  Capacitor Assy. 450 j o u l e s  40 kV 

2. Trigger Assy. 
3, Trigger Cable RG 8/v  
4, Adjustable Switch Electrode  
5 .  Mylar I n s u l a t i n g  Sheet  
6 .  Fixed Switch Electrode  
7 .  Electrode  Support 
8 .  Quartz Shock Tube 
9. Electrodes  

10. Adjustable End S e a l  
11. Connection t o  Vacuum & F i l l i n g  System 

Figuxe 20 Schematic diagram of e lectromagnet ic  T-tube and assoc ia ted  c i r c u i t r y .  



CONCLUSIONS 

It is clear from Figs. 9 and 17 that no single method of temperature 
measurement is adequate over the entire range of temperatures and densities 
considered here. 
large portion of the desired range, however. 
which appears most promising is the measurement of line intensity ratios. 
Between 60000K and 10,0000K the intensity ratio of the two oxygen I lines 
shown in Fig. 9 shows the most sensitivity to temperature. 
be used only at p/po values of 10 at the lowest temperatures. At lower 
pressures nitrogen I lines m u s t  be used. 
nitrogen ion line to a nitrogen atom line should be used. 
requires a determination of electron density, which can also provide a check 
on the presence of equilibrium in the system. 
be accomlished through Stark broadening measurements, as indicated previously. 
At low densities,where Doppler broadening dominates, another method of 
electron density measurement (e.g., wavelength interferometry) would be re- 
quired. 

Two methods appear to overlap sufficiently to cover a 
For high pressures, the method 

This ratio can 

Above 10,OOO°K the ratio of a 
This measurement 

At high densities this can 

Even in plasmas where equality between the gas and electron temperatures 
can be assumed, the ine-intensity-ratio method fails below electron densities 
of approximately 1Ol5 - 1016/cm3 because of the departure from equilibrium 
between the excited states and the free electrons. It is fortunate that at 
these lower densities Doppler broadening can be used to measure the gas 
temperature, as indicated in Fig, 17. Doppler broadening of a nitrogen atom 
line can be used at low temperatures below an electron densit 

nitrogen ion line becomes available. 

of 2 x 1015/cm3, 
while above 10-12,000°K the density limit is raised to 1 x 10 SI 6/cm3 as the 

These considerations lead to several requirements which any real-time 
temperature measuring system must possess. 
o f  measuring a number of different line intensities and correcting for back- 
ground radiation. The instrument must also have a variable bandpass because 
high dispersion is required for making line broadening measurements, while 
relatively low dispersion is necessary for making line intensity measurements. 
An independent means of measuring electron density, such as a two wavelength 
interferometer, must be provided in order t o  determine whether intensity 
measurements or line broadening measurements are to be made. 
would be used as detectors in order to establish a real time capability. 
Their signals would be fed directly to a computer which would perform the 
necessary calculations and determine the temperature instantaneously. 
same computer could also be used to determine which method of  temperature 
measurement is appropriate to the electron density range being studied. 

Such a system must be capable 

Photomultipliers 

The 
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ABSTRACT 

A theoretical investigation was undertaken to develop a real-time 
temperature-measurement technique over the temperature range from 
5000°K - 24,000°K from 10 times normal density to 
density. Two spectroscopic methods were found to cover the range 
adequately. 
ratios can be used, and below these densities Doppler line broadening 
is preferred. 
over this temperature and density range have been performed, a conceptual 
real-time temperature-measurement system has been outlined, and recommenda- 
tions have been made for experimental investigation of this problem. 

times normal 

Above electron densities of 1015 - 1016/cm3 line intensity 

Calculations of the atomic and ionic radiation of air 
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I INTRODUCTION 

The purpose  of t h i s  i n v e s t i g a t i o n  i s  t o  conduct  expe r imen ta l  and 
t h e o r e t i c a l  i n v e s t i g a t i o n s  i n t o  methods of de t e rmin ing  t h e  kinet ic  tempera- 
t u r e  of an a i r  or  n i t r o g e n  plasma over a wide r a n g e  of d e n s i t i e s .  

s t a b i l i z e d  a r c  j e t  is t o  b e  used t o  g e n e r a t e  t h e  plasma t o  b e  s t u d i e d .  

A wa l l  

I n  a d d i t i o n  t o  t h e  e f f o r t  on t h e  h igh- tempera ture  a i r  plasma, a 
t h e o r e t i c a l  i n v e s t i g a t i o n  o f  t h e  a b s o r p t i o n  of r a d i a t i o n  from a ve ry  ho t  
( u p  t o  50,00O0K) s o u r c e  i s  be ing  conducted.  T h i s  i n c l u d e s  a c a l c u l a t i o n  

of t h e  pho toabso rp t ion  c o e f f i c i e n t s  i n  t h e  f a r - u l t r a v i o l e t  r e g i o n  f o r  cesium- 
seeded hydrogen plasmas and t h e  e v a l u a t i o n  of methods of tempera ture  measure- 

ment  f o r  such plasmas. 

During t h i s  q u a r t e r  f u r t h e r  p r o g r e s s  h a s  been made toward e v a l -  

u a t i n g  t h e  pho toabso rp t ion  c o e f f i c i e n t  of t h e  cesium-seeded hydrogen plasma. 
The e q u a t i o n s  d e s c r i b i n g  t h e  a b s o r p t i o n  ra tes  f o r  f r e e - f r e e ,  free-bound and 
bound-bound t r a n s i t i o n s  have been prepared  f o r  computer s o l u t i o n ,  and pro- 
cedures  f o r  o b t a i n i n g  t h e  r a t e s  have been dec ided .  I n  a d d i t i o n ,  t h e  l ine 

and c o n t i n u a  t h a t  are impor t an t  f o r  a b s o r p t i o n  i n  t h e  f a r  u l t r a v i o l e t  (4 -  

25 eV photons)  have been de termined .  

The a r c  j e t  i s  now near  f i n a l  assembly. The b a l l a s t  r e s i s t o r  

has been completed and assembly of  t h e  r e s i s t o r ,  power supply  and a r c  j e t  
i n  an o p e r a t i o n a l  frame i s  p rogres s ing .  The h igh  r e s o l u t i o n  monochromator 
has  been used t o  measure a c t u a l  l ine  shapes  i n  a cesium plasma i n  p repa ra -  
t i o n  f o r  i t s  use i n  t h i s  program. 
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11. PHOTOABSORPTION COEFFICIENT OF CESIUM-SEEDED HYDROGEN 

( i )  Genera l  
D e t a i l e d  c a l c u l a t i o n s  of t h e  r e l a t i v e  and a b s o l u t e  d e n s i t i e s  of 

the v a r i o u s  s p e c i e s  p r e s e n t  i n  a high t empera tu re  cesium-seeded hydrogen 
plasma have been completed.  t o  10-1 a r e  

cons ide red .  These r e su l t s  i d e n t i f y  t h e  r e g i o n s  of plasma t empera tu re ,  
pressure, and photon energy  over w h i c h  it w i l l  b e  most p r a c t i c a l  and use- 

f u l  t o  c o n s i d e r  t h e  c o n t r i b u t i o n  of cesium t o  t h e  t o t a l  o p a c i t y  of t h e  

plasma. 

Cesium seed f r a c t i o n s  from 

I n i t i a l  c a l c u l a t i o n s  of t he  pho toabso rp t ion  c o e f f i c i e n t  w i l l  b e  

conf ined  t o  the pressure range  of 10-1 t o  10 

chosen a r b i t r a r i l y ,  b u t  f o r  p r e s s u r e s  much above 10 

the i o n i z a t i o n  p o t e n t i a l  aE d i s c u s s e d  i n  Q u a r t e r l y  P rogres s  Repor t  No. 4 

becomes s o  l a r g e  a s  t o  b r i n g  i n t o  q u e s t i o n  the v a l i d i t y  of t h e  e q u a t i o n  

f o r  t h e  p a r t i t i o n  f u n c t i o n  of cesium. 

2 atm. The lower l i m i t  was 
2 atm, t h e  lowering o f  

F i g u r e  1 shows t h a t  hydrogen molecules  c o n s t i t u t e  less than  2Vh 
0 

of t h e  hydrogen p a r t i a l  p r e s s u r e  a t  t empera tu res  above 5000 K i n  t h e  p re s -  
sure r a n g e  of  interest.' 
by the l ine spectrum of 
plasma t empera tu res  above 5000 K. 
and h i g k l y  e x c i t e d  C s  begin t o  become present i n  s i g n i f i c a n t  amounts. 

Very l i t t l e  i s  known abou t  t h e  atomic c h a r a c t e r i s t i c s  of these s p e c i e s ,  
and i t  vas dec ided  t o  l i m i t  concern t o  plasma t empera tu res  below 20,000 K. 

Hence e r r o r  due t o  t h e  n e g l e c t  of photoabsorp t ion  
i s  minimized by c o n f i n i n g  t h e  i n v e s t i g a t i o n  t o  

Above 20,000°K both  ground s t a t e  
H2 

0 C F  
f 

0 

The o b j e c t i v e  of t h i s  s t u d y  i s  t o  de t e rmine  the a b s o r p t i o n  of 
r n d i a n :  energy  from E v e r y  ho t  (50,0W°K) source .  

body a t  50,000°K i s  maximum a t  a photon energy  of about  12 eV (1000 A ) .  
about  80 percent of t h e  t o t a l  energy emi t t ed  i s  concen t r a t ed  i n  t h e  regj.on 
4 1 0  25 eV (500 T h i s  energy r e g i o n  a l s o  encompasses a lmost  

a l l  of the i n t e r e s t i f l g  pho toabso rp t ion  r e g i o n s  of  t h e  C s - H  plasma and i s  
t h e  enercjy range  t h a e  w j l l  be i n v e s t i g a t e d .  

The emi t t ance  of a b l ack -  

t o  3000 & l e 2  
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I n  summary, t h e  r a n g e s  of parameters  which  w i l l  be cons ide red  i n  

i n i t i a l  c a l c u l a t i o n s  of t h e  pho toabso rp t ion  c o e f f i c i e n t  of a h igh  tempera- 
ture cesium-seeded hydrogen plasma are: 

Plasma P r e s s u r e :  10-1 - 
Plasma Temperature:  5000 - 
Photon Energy:  4 - 25 

( i i )  P a r t i c l e  C o n c e n t r a t i o n s  

2 10 atmospheres  
20, OOOOK 

eV 

F i g u r e s  2 through 10 a r e  d e t a i l e d  p l o t s  of c o n c e n t r a t i o n s  of t h e  

v a r i o u s  s p e c i e s  p r e s e n t  i n  t h e  C s - H  plasma. I n  t h e s e  p l o t s  H t  r e p r e -  
sents t h e  t o t a l  c o n c e n t r a t i o n  of hydrogen monotonic s p e c i e s  ( H , H  1 and Cs 
r e p r e s e n t s  t h e  t o t a l  c o n c e n t r a t i o n  of cesium monotonic s p e c i e s  ( C  ,C  ,C 
Molecular  hydrogen i s  p r e s e n t  i n  s i g n i f i c a n t  c o n c e n t r a t i o n s  only  a t  low tem- 

p e r a t u r e s .  
the r a n g e  of  parameters  b e i n g  cons ide red .  The v a r i a b l e  P i s  t h e  sum of 

H,, Cs, , and the e l e c t r o n  d e n s i t y  Ne 

+ 
t 

1. + f t .  

t+t S p e c i e s  such  as H;, H- and Cs a r e  n o t  p r e s e n t  anywhere i n  

The r a t i o  of H t o  H t  i s  p l o t t e d  i n  F i g ,  2 f o r  t h e  f u l l  r ange  
of e l e c t r o n  d e n s i t y  which i s  p r e s e n t  i n  t h e  cesium-seeded hydrogen plasma 
f o r  t h e  r anges  of t empera tu re ,  p r e s s u r e  and cesium seed  be ing  cons ide red .  
The d e g r e e  of i o n i z a t i o n  of hydrogen i s  independent  of t h e  s e e d i n g ,  a s  w i l l  

be d i s c u s s e d  below. 

F i g u r e s  3, 5, 7 and 9 are p l o t s  of t h e  e l e c t r o n  d e n s i t y  ob ta ined  
from v a r i o u s  combina t ions  of cesium seed ing ,  t empera tu re  and p r e s s u r e .  They 
d i f f e r  s l i g h t l y  from s i m i l a r  p l o t s  i n  Q u a r t e r l y  P rogres s  Report  No. 4 because ,  

of improvements i n  energy  l e v e l  d a t a .  
i o n i z a t i o n  o f  hydrogen i s  n e a r l y  independent  of 
A t  h igh t empera tu res ,  on t h e  o t h e r  hand, t h e  d e g r e e  o f  i o n i z a t i o n  does depend 

on N b u t  Ne i s  independent  of seed f r a c t i o n  ( F i g s .  3, 5, 7 ,  9 ) .  Hence 
t h e  l a c k  of any s i g n i f i c a n t  v a r i a t i o n  of  t h e  hydrogen i o n i z a t i o n  w i t h  seed-  
ing  over  these t empera tu re  and p r e s s u r e  r anges .  

F i g u r e  2 shows t h a t  t h e  deg ree  o f  
a t  low t empera tu res .  Ne 

e 

The  r e l a t i v e  c o n c e n t r a t i o n s  of the cesium s p e c i e s  and H t  a r e  
p l o t t e d  i n  F i g s .  4, 6 ,  8 and 10 f o r  s eed ing  f r a c t i o n s  of and 
10 T h e  c o n c e n t r a t i o n  o f  Cs i s  seen t o  be a s i g n i f i c a n t  f r a c t i m  of 

A -3 
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C s t  a t  a l l  t empera tu res  and p r e s s u r e s .  The Cs c o n c e n t r a t i o n  i s  s i g n i f f -  
c a n t  a t  low t empera tu res  b u t  no t  h igh ,  and the r e v e r s e  i s  true f o r  Cs . I 

tt 

It should  be  noted  that  t h e  r e l a t i v e  c o n c e n t r a t i o n  of any cesium 
s p e c i e s  and H ' f o r  p a r t i c u l a r  c o n d i t i o n s  of t empera tu re ,  p r e s s u r e  and seed- 
i n g  i s  e a s i l y  o b t a i n e d  by u s i n g  F i g s .  3 th rough 10 i n  c o n j u n c t i o n  w i t h  F ig .  

2. 
F i g u r e  11 summarizes t h e  in fo rma t ion  i n  F i g s .  2 th rough 10 i n  a 

s imple  f a s h i o n .  The t empera tu re  and p r e s s u r e  r e g i o n  of concern i s  d i v i d e d  
i n t o  t h r e e  r e g i o n s ,  i n  which t h e  l i s t e d  cesium s p e c i e s  c o n s t i t u t e  more than  
one p e r c e n t  of t h e  t o t a l  cesium c o n c e n t r a t i o n  f o r  s eed ings  of  10 t o  10-l- -3 

T h i s  p l o t  g i v e s  a rough i d e a  o f  t h e  s p e c i e s  expec ted  t o  be  t h e  dominant con- 
t r i b u t o r s  t o  pho toabso rp t ion .  
p o p u l a t i o n s  of t h e  bound l e v e l s  o f  t h e  i n d i v i d u a l  s p e c i e s  i s  con ta ined  i n  

More d e t a i l e d  c o n s i d e r a t i o n  of t h e  r e l a t i v e  

t h e  next  s e c t i o n .  

(iii) Pho toabso rp t ion  C o e f f i c i e n t  
T h e  o p a c i t y  c a l c u l a t i o n  must i n c l u d e  bound-bound t r a n s i t i o n s  

( l i n e  a b s o r p t i o n ) ,  bound-free t r a n s i t i o n s  ( p h o t o i o n i z a t i o n ) ,  and free-free 
t r a n s i t i o n s  ( i n v e r s e  Bremss t rah lung) .  As p r e v i o u s l y  mentioned, t h e  photo-  
a b s o r p t i o n  c o e f f i c i e n t  w i l l  be  c a l c u l a t e d  ove r  t h e  f a r  u l t r a v i o l e t  r e g i o n  

( 4  eV c hv C 25 eV), 
from a 50,000°K blackbody source .  

T h i s  f requency  r ange  i n c l u d e s  most of t h e  emission 

-1 The a b s o r p t i o n  c o e f f i c i e n t ,  cm , can be written 

i 

-I- Ne aee(v,T) 

where the t h r e e  terms r e p r e s e n t  bound-bound, bound-free and f r e e - f r e e  

a b s o r p t i o n ,  r e s p e c t i v e l y .  B . .  i s  t h e  E i n s t e i n  a b s o r p t i o n  c o e f f i c i e n t  
1J 
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FIG. 1 Ratio of the  par t i f1  pressure of  H2 t o  t h e  t o t a l  hydrogen 
pressure (H2 +H +H ) f o r  var ious  temperatures.  

I I t I 

IOP lo-16 10-l~ IC-\* 1 0 - l ~  
-3 

10-31 16'4 
Ne, cm 

+ 
FTG, 2 The degree  of i o n i z a t i o n  of hydrogen ( H / H + H  1 TTS e l e c t r o n  d e n s i t y .  

This  quant i ty  i s  e s s e n t i a l l y  independent of  cesium seed f r a c t i o n  
as d i scussed  i n  the text.  



P, ATM 

E l e c t r o n  d e n s i t y  i n  a cesium-hydrogen plasma a t  5000°K a s  a 
f u n c t i o n  of cesium seeding .  The r a t i o  o f  Cs p a r t i c l e s  
(a toms p l u s  i o n s )  t o  hydrogen p a r t i c l e s  (a toms p l u s  i o n s )  i s  
p l o t t e d  vs  t h e  t o t a l  p r e s s u r e  of monatomic species and e l e c -  
t r o n s .  
i n d i c a t e d  by t h e  arrows. 

FIG. 3 

The e l e c t r o n  d e n s i t y  i n  a pure  hydrogen plasma i s  
The a d d i t i o n a l  p a r t i a l  p r e s s u r e s  

---_ -3 - 
---,IO - -- 

of H2 i s  p l o t t e d  i n  Fig.  1. 

+ FIG. 4 The r a t i o  o f  Cs atoms and of  Cs i o n s  t o  hydrogen p a r t i c l e s  
(a toms and i o n s )  vs  t o t a l  p r e s s u r e  a t  5000OK f o r  seed f r a c -  
t i o n s  f (Cs t /Ht )  of lW1,  10-2 and 10-3. 



IO 

FIG. 5 Electron density i n  a cesium-hydrogen plasma a t  10,OOO°K a s  a function 
of  cesium seeding. Nomenclature i s  the same as  Fig.  3. 

-2 
I 

+ 
FIG. 6 The r a t i o  o f  Cs atoms and of Cs ions t o  hydrogen par t i c l e s  

(atoms and ions)  a t  10,000OK. Nomenclature i s  the same as  Fig.  4 .  
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FIG. 7 Electron density i n  a cesium-hydrogen plasma a t  15,000°K. 
Nomenclature i s  t h e  same as Fig.  3. 

4- 
FIG. 8 Ratio of Cs atorlls and of Cs ions t o  hydrogen par t i c l e s  (aLoms 

and ions) a t  15,000°K. Nomenclature i s  the same as Fig.  4. 
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FIG. 9 Electron density i n  a cesim-hydrogen plasma a t  20,0W°K. 
Nomenclature i s  the same.as Fig.  3. 

-4- 
FIG. 10 Ratio of Cs atoms and of C s  ions t o  hydrogen part ic les  (atoms 

and ions) a t  20,0000K. Nomenclature i s  the same as Fig. 4 .  
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FIG. :1 Temperature-pressure regions where the indicated cesium species 
constitute more than 1% of the total cesium concentration. 
fractions from 10-3 to 10-1 have been considered. 
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t e rgs /cm2 sec),  s i j  i s  t h e  l i n e  shape ( sec)  f o r  t r a n s i t i o n  from l e v e l  i 

t o  l e v e l  J N i  i s  t h e  p o p u l a t i o n  d e n s i t y  of  l e v e l  i (cm 1, Ne i s  t h e  -3 
n 

e l e c t r o n  d e n s i t y  and t h e  G ' S  are c r o s s  s e c t i o n s  (cm'). The summations are 
over bound l e v e l s .  

tt The s p e c i e s  H ,  Ci and Cs have a b s o r p t i o n  l i n e s  f o r  photons i n  

t h e  r e g i o n  b e i n g  c o n s i d e r e d .  
b e  c o n s i d e r e d  a r e  t h e  Lyman series. 
e n i n g  f o r  t h e  f i r s t  two members of t h e  series a r e  a v a i l a b l e  i n  t a b u l a r  form 

f o r  a r a n g e  of tempera tures  and d e n ~ i t i e s . ~  The p r o f i l e  of  h.igher numbers of 
t h e  series approaches a d i s p e r s i o n  p r o f i l e  w i t h  a half-width due t o  broadening 
by e l e c t r o n  i m p a ~ t . ~  The a b s o r p t i o n  o s c i l l a t o r  s t r e n g t h s  needed t o  compute 

5 t h e  Bi j  

The only hydrogen a b s o r p t i o n  l i n e s  which need 
F i v e  shapes r e s u l t i n g  from S t a r k  broad- 

f o r  hydrogen a r e  well known. 

The c o n s t i t u e n t  c a l c u l a t i o n s  d i s c u s s e d  i n  ( i i )  r e v e a l  t h a t  t h e r e  i s  
+ ++ 

l i t t l e  o r  no e x i c t e d  C s  o r  Cs f o r  t h e  c o n d i t i o n s  of interest. Hence l i ne  
a b s o r p t i o n  by any b u t  t h e  ground s t a t e s  of t h e s e  two i o n s  can be  neglec ted .  
O s c i l l a t o r  s t r e n g t h s  and l i n e  shapes f o r  these l i n e s  are c u r r e n t l y  unavai l -  

a b l e .  Approximate o s c i l l a t o r  s t r e n g t h  v a l u e s  f o r  Cs can b e  o b t a i n e d  from 
coulomb approximation t e c h n i q u e s , 6  and l i n e  w i d t h s  can be c a l c u l a t e d  from 
S t a r k  broadening  theory .  R e l i a b l e  c a l c u l a t i o n s  o f  o s c i l l a t o r  s t r e n g t h s  o r  

l i n e  shapes  cannot  b e  made f o r  CF however. The energy l e v e l  s t r u c t u r e  
of C r  

i f i c a t i o n  i f  t h e  p e r t u r b i n g  i o n s  a r e  m u l t i p l y  charged.  

by Ci+ 
c i e n t  i n  r e g i o n s  I and I1 o f  F ig .  11 must b e  c o n s i d e r e d  incomple te  and less 
r el i a b  l e  

-t 

i s  n o t  well enough known and S t a r k  broadening  t h e o r y  r e q u i r e s  mod- 
Hence l i n e  a b s o r p t i o n  

w i l l  b e  n e g l e c t e d  and c a l c u l a t i o n s  of t h e  photoabsorp t ion  c o e f f i -  

Exact t h e o r e t i c a l  e x p r e s s i o n s  are a v a i l a b l e  f o r  t h e  bound-free 
a b s o r p t i o n  c r o s s  s e c t i o n  of h y d r ~ g e n . ~  P h o t o i o n i z a t j o n  of t h e  ground s ta te  
of hydrogen i s  expected t o  be t h e  major c o n t r i b u t o r  t o  t h e  a b s o r p t i o n  coef -  
f i c i e n t  ( t h r e s h o l d  a t  13.6 eV). E x c i t e d  s t a t e s  w i l l  c o n t r i b u t e  n e g l i g i b l y ,  
except  a t  high tempera tures  wherey they a r e  s i g n i f i c a n t . l y  popula ted .  T h e i r  

t h r e s h o l d s  f o r  p h o t o i o n i z a t i o n  a r e  a t  o r  below 3.2 eV. 

T h e o r e t i c a l  v a l u e s  f o r  t h e  p h o t o i o n i z a t i o n  c r o s s  s e c t i o n s  of C s  

a r e  a v a i l a b l e  from p r e v i o u s  work.' 
s tstes a r e  expec ted  t o  c o n t r i b u t e  s i g n i f i c a n t l y .  
2.46 eV and 2.09 eV. P h o t o i o n i z a t i o n  of Cs can be n e g l e c t e d  s i n c e  the 

Only t h e  ground and f i r s t  two e x c i t e d  
Thresholds  a r e  a t  3,89 eV, 

+ 
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t h r e s h o l d  f o r  t h e  ground s t a t e  i s  above 25 eV, and t h e  popu la t ion  of t h e  

f i r s t  e x c i t e d  s t a t e  ( t h r e s h o l d  11.6 eV) i s  ex t r eme ly  low under t h e s e  con- 
d i t  ion s. 

- 

The c o n t r i b u t i o n  t o  t h e  a b s o r p t i o n  c o e f f i c i e n t  from f r e e - f r e e  
t r a n s i t i o n s  i n  t h e  f i e l d s  of t h e  t h r e e  i o n i c  s p e c i e s  H+, C: and C p  can 
be  computed from a v a i l a b l e  formulae  (mod i f i ed  hydrogenic  formulae) .  9 

Work d u r i n g  tFe n e x t  q u a r t e r  w i l l  b e  d i r e c t e d  t o  c a l c u l a t i o n s  of + 
Cs t h e  needed o s c i l l a t o r  s t r e n g t h s  and l ine shapes  f o r  

of t h e  e q u a t i o n s  f o r  computer c a l c u l a t i o n  o f  K(v,T)  . 
and t o  fo rmula t ion  
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111. ARC JET 

The arc j e t was d e s c r i b e d  i n  t h e  prev ious  q u a r t e r l y  r e p o r t .  

The o r i g i n a l  l a y o u t  of  t h e  b a l l a s t  r e s i s t o r  h a s  been modif ied 

T h i s  h a s  been because  o f  t h e  l a r g e  s t a t i c  weight  of  t h e  c o o l i n g  water .  
completed and t h e  b a l l a s t  r e s i s t o r  i t s e l f  has  been c o n s t r u c t e d .  

t i o n  and assembly of a frame f o r  t h e  component i s  underway. 

f o r  s t a r t i n g  t h e  je t  has  a l s o  been d e v i s e d .  

opera ted  f o r  t h e  f i r s t  time i n  September.  

Construc-  

A procedure  

The j e t  i s  expected t o  b e  

The high r e s o l u t i o n  scanning  monochromator ( J a r r e l l - A s h  Model 

78-420) o b t a i n e d  f o r  t h i s  program h a s  been used t o  measure l i n e  shapes 

i n  a cesium plasma. 
t h e  ins t rument .  

These measurements have demonstrated t h e  u t i l i t y  of 
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V. APPENDIX 

Minor e r r o r s  have been d i scove red  i n  t h e  f i n a l  r e p o r t  f o r  t h e  pe r iod  

1 December 1965 though 30 November 1966. None of these e r r o r s  a l t e r  any of 

the r e s u l t s  or  c o n c l u s i o n s  o f  the r e p o r t .  They a r e  as fo l lows :  

page 4,  Eq. ( 3 )  should read 

-Eu/ kT gU N = -  u g1 N1 e 

page 6, Eq. ( 4 )  should r e a d  

-E J kT 
7 gL fLU *le 

3 I = 1.0542 X 10 

91 

[A i n  A ]  

page 16, Eq. (9 )  should r e a d  

I h3g'f' - E'  - E 
- kT An 

I 'A .'3gf 

page 18, Eq. (10) should r e a d  

f*geX3  exp( E' + E m - E - AEm) 
- -  I' 1.17 x [ 18,~oo)3/2 - kT 

Ne fgh  '3 1 -  

page 19, The r i g h t  hand a x i s  i n  F ig .  9 a p p l i e s  o n l y  t o  t h e  N I I / N I  c u r v e ,  
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